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Introduction: 

The  scope  of  this  project  is  to  develop  adenoviral  vectors  that  are  capable  of  mediating  gene 
expression  specifically  in  prostate  cancer  cells.  We  propose  to  incorporate  a  highly  potent 
and  specific  two-step  transcriptional  amplification  (TSTA)  system  to  mediate  prostate- 
targeted  gene  expression.  In  diagnostic  applications,  this  targeted  vector  will  be  utilized  to 
express  optical  and  PET  imaging  reporter  genes.  The  hypothesis  is  that  administration  of 
these  imaging  reporter  vectors  could  detect  prostate  metastatic  cells  in  living  animals.  In  a 
second  therapeutic  approach,  the  TSTA  system  is  employed  to  regulate  viral  replication, 
which  leads  to  specific  lysis  of  prostate  tumor  cells.  Creation  of  consistent  and  easy  to  follow 
metastatic  prostate  cancer  models  will  be  very  useful  towards  the  evaluation  of  the  proposed 
vector-based  diagnostic  and  therapeutic  approaches. 


Body: 

Task  1A:  Determine  sensitivity  of  vector-based  imaging. 

In  the  last  report,  we  demonstrated  that  the  prostate-targeted  adenoviral  vector  (AdTSTA- 
sr39tk)  can  produce  robust  PET  imaging  signals  in  androgen-independent  as  well  as 
androgen-dependent  tumor  models  by  utilizing  tissue  specific  transcriptional  amplification 


Figure  1.  Additional  configuration  of  the  TSTA 
system  in  adenovirus.  In  addition  to  original 
configuration  of  the  TSTA  system  (head-to-head), 
tail-to-tail  and  E1E3  constructs  were  created.  To 
make  tail-to-tail,  both  expression  cassettes  were 
inverted  and  inserted  in  El  region.  The  E1E3  was 
constructed  using  the  plasmid  containing  activator 
in  E3  region. 

(TSTA)  system.  Two  studies  have  been  published  from  our  group  demonstrating  the 
prostate-targeted  imaging  and  therapeutic  activity  of  AdTSTA-sr39tk  (see  below).  Based  on 
an  earlier  publication  (Sato  et  al.  Mol  Ther  2003)  we  realized  that  the  activity  of  the  original 
head-to-head  configured  TSTA  vector  can  be  improved  upon.  To  accomplish  this  goal,  we 
took  on  several  different  approaches  (see  Figure  1).  Instead  of  locating  two  components 
(GAL4VP16  activator  and  reporter  driven  by  GAL4  binding  sites)  of  the  TSTA  system  as  3’ 


Figure  2.  Improved  specificity  of 
E1E3  TSTA  Ad.  A.  Compared  to  the 
parental  head-to-head  vector,  the  E1E3 
Ad  showed  superior  cell-specificity, 
comparing  expression  in  several  prostate 
lines  to  HeLa  (negative  cell  line)  B. 
E1E3  Ad  displayed  much  lower  ectopic 
expression  in  the  lung  compared  to 
the  other  2  configurations.  D.  The 
improved  specificity  of  AdTSTA- 
ElE3-fl  was  able  to  detect  lung 
metastases  in  an  orthotopic 
implanted  LAPC-9  tumor  model. 
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to  5 ’-5’  to  3’  (designated  as  head-to-head),  we  developed  5’  to  3 ’-3’  to  5’  (named  tail-to-tail) 
and  one  in  El  and  another  in  E3  (named  E1E3)  (Figure  1).  In  vitro  analysis  suggested  that 
the  E1E3  vector  has  the  higher  androgen  induction  over  both  head-to-head  and  tail-to-tail 
vector  (not  shown),  and  it  also  exhibited  superior  cell  specificity  assayed  by  activity  in 
prostate  cancer  cell  (LNCaP)  over  non-prostate  cell  line,  HeLa  (Figure  2A).  In  animal  studies, 
the  improved  selectivity  of  the  E1E3  configured  vector  was  reflected  in  silenced  ectopic 
expression  in  the  lung.  Significantly,  the  enhanced  specificity  of  the  E1E3  vector  enabled  the 
detection  of  lung  metastasis  of  prostate  cancer  (Figure  2C).  This  study  has  been  submitted  to 
Gene  Therapy  (#4  in  reportable  outcome).  The  enhanced  cell-selectivity  of  the  E1E3 
construct  is  particular  pertinent  to  Task  2,  as  the  designed  configuration  of  our  replicating 
oncolytic  construct  is  similar  to  the  E1E3  vector  (see  Figure  4). 


Task  IB:  Imaging  metastases  in  preclinical  models. 

We  have  established  prostate  tumor  models  that  consistently  metastasize  to  regional  lymph 
nodes  and  lung.  As  reported  last  year,  these  models  were  induced  by  expression  of  pro- 
lymphangiogenic  growth  factors  (VEGF-C  and  VEGF-C  (C156S)  mutant)  in  the  tumor  (see 
Figure  3).  These  models  will  greatly  facilitate  the  evaluation  of  the  diagnostic  and  therapeutic 
capabilities  of  our  imaging  and  oncolytic  vectors.  The  first  manuscript  reporting  the 
lymphatic  metastasis  models  was  recently  published  (#3  in  reportable  outcome). 
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Figure  3.  VEGF-C  induces  LN 
metastasis.  LAPC-9  prostate 
tumors  expressing  designated 
vascular  growth  factors  were 
grafted  in  right  upper  back. 
Expression  of  VEGF-C  and 
C156S  mutant  resulted  in 
metastasis  to  ipsilateral  brachial 
node  (arrow)  and  lung, 
confirmed  by  optical  CCD 
imaging  and  histology.  VEGF-A 
induces  metastasis  weakly. 


We  have  applied  the  TSTA  imaging  Ad  in  the  lymphatic  metastasis  models  and  showed  that 
the  vector  preferentially  traversed  to  draining  lymph  nodes,  infecting  the  disseminated  tumor 
cells  within  the  nodes.  In  doing  so,  we  have  developed  a  specific  diagnostic  imaging  method 
for  nodal  metastasis  of  prostate  cancer.  This  study  was  submitted  and  recently  accepted  in 
Nature  Medicine  (#5  in  reportable  outcome). 


Task  1C:  Generation  of  gutless  diagnostic  Ad,  testing  in  TRAMP  model. 

We  have  encounter  difficulty  in  achieving  the  preset  goals  of  this  task  for  two  reasons.  1) 

The  production  yield  of  gutless  adenoviral  vector  is  very  low,  with  significant  contamination 
of  the  helper  virus,  a  first  generation  adenoviral  vector.  2)  In  our  experience,  the  first 
generation  TSTA  diagnostic  PET  imaging  vector  is  efficient  to  produce  and  exhibit  high  and 
cell-selective  activity  (Figure  1  &  2).  Thus,  we  decided  to  pursue  the  TSTA  vector  for  further 
development.  Clinical-grade  TSTA  vector  is  currently  being  produced  by  NCI  RAID 
program  for  future  clinical  investigations. 


Task  2A:  Generation  of  therapeutic  oncolytic  adenovirus. 

In  the  last  report,  we  initiated  the  construction  of  all-in-one  TSTA  oncolytic  adenovirus  after 
confirming  the  proper  regulated  expression  in  plasmid  constructs.  The  all-in-one  TSTA 
oncolytic  adenovirus  has  El  A  and  E1B  in  divergent  orientation  with  centrally  located  GAE4 
binding  site  repeats  (0,  2  or  4)  inserted  in  El  region  and  the  synthetic  transactivator 
GAL4VP16  regulated  by  modified  PSA  promoter  inserted  in  E3  region  (Figure  4).  As  we 
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shown  in  Task  1  A,  superior  specificity  can  be  expected  with  this  E1E3  configuration,  which 
should  be  helpful  to  safeguard  nonspecific  viral  replication  in  non-prostate  tissues. 
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Figure  4.  Schematic 
representation  of  the 
all-in-one  TSTA 
oncolytic  vectors. 

Gal4  binding  sites, 
denoted  by  green 
diamonds,  are  situated 
centrally  between 
divergently  transcribed 
El  A  and  E1B.  The  GO 
construct  serves  as  a 
negative  control. 


Task  2B:  In  vitro  evaluation  of  TSTA  oncolytic  adenovirus. 

Prostate  specific  viral  DNA  replication  was  observed  in  in  vitro  infection  study  using  the  all- 
in-one  TSTA  oncolytic  adenovirus  with  4  repeats  of  GAL4  binding  sites  (AdG4A),  which  is 
expected  to  be  the  most  efficient  replicating  construct  (Figure  5).  AdG4A  exhibited 


A. 

days  p.i. 

E1A 

E1B19k 


Figure  5.  Prostate  specific  expression  of  E1A  and  E1B  and  viral  DNA  amplification  of  TSTA  oncolytic 
adenovirus.  A.  Lung  (A549)  or  prostate  cancer  (LNCaP)  cell  line  were  infected  with  increasing  titer  of  wt  Ad 
(dl309)  or  the  TSTA  oncolytic  adenovirus  (AdG4A).  El  proteins  were  analyzed  by  western  blot  at  day  2.  B. 
Total  DNA  was  prepared  from  infected  LNCaP  cell  at  specified  time  points  and  amplification  of  viral  DNA  was 
confirmed  by  Southern  blot.  No  DNA  amplification  was  seen  for  the  control  GO  oncolytic  TSTA  Ad. 


significant  viral  DNA  replication  in  LNCaP  cells. 

The  quantitative  viral  yield  of  AdG4A  as  titered  by  anti-hexon  immunoreactivity  is 
significantly  (287x)  higher  than  the  negative  control  AdGOA  but  was  52-fold  lower  thant 
wildtype  adenovirus  (dl309)  in  LNCaP  prostate  cancer  cell  line.  However,  the  replicative 


Viral  output/input  ratio 


days  post  infection 

Figure  6.  TSTA  viral  amplification  in  LNCaP  prostate  cell  lines.  A.  In  LNCaP  cell,  AdG2A  viral  expansion  was 
287  fold  higher  than  AdGOA  (control)  and  it’s  52  fold  lower  than  wt  dl309  virus.  B.  The  replication  efficiency  of 
AdG4A  in  LNCaP  cells  is  comparable  to  the  E IB-deleted  dll 520  (Onyx-015),  but  is  significantly  lowered  than  dl309. 
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activity  of  AdG4A  is  comparable  to  another  cancer-selective  oncolytic  virus  dll 520  (Onyx- 
015)  (Figure  6).  The  tumoricidal  therapeutic  activity  of  AdG4A  was  analyzed  in  cell  culture 
(Figure  7).  TSTA  oncolytic  adenovirus  with  2  GAL4  binding  sites  (AdG2A)  was  used  in  this 
experiment  as  an  ineffective  replicating  control  virus.  As  shown  in  Figure  7,  androgen- 
dependent  LNCaP  and  LAPC-4  cell  are  more  susceptible  to  viral  oncolysis  than  androgen- 
independent  CWR22rvl  and  A549  (lung  carcinoma).  AdG4A  oncolytic  virus  was  able  to 
mediate  effective  cytopathic  effects  on  LNCaP  cells  in  comparison  to  a  replication-deficient 
CMV-luciferase  virus  and  AdG2A.  Collectively,  these  preliminary  findings  indicate  that 
AdG4A  is  able  to  selectively  replicate  and  induce  cytotoxicity  in  prostate  tumor  cells. 
However,  the  kinetic  of  viral  replication  appear  to  be  delayed  compared  to  wildtype  virus 
(dl309)  and  the  magnitude  of  burst  is  reduced  compared  to  dl309  but  comparable  to  dll520. 


Task  3C:  In  vivo  analyses  of  therapeutic  activity  of  oncolytic  virus. 

Currently,  we  are  actively  analyzing  the  therapeutic  activity  of  AdG4A  in  preclinical  prostate 
tumor  models,  including  the  lymphatic  metastasis  models  described  above.  We  anticipate  to 
complete  the  in  vivo  experiments  and  the  manuscript  within  the  next  6  months. 


A. 
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Figure  7.  Oncolytic  activity  in  prostate  cancer  cells.  A.  Different  cell  lines  were  infected  with  increasing  MOI 
of  4  oncolytic  virus  dl309  (wt,  a);  dll 520  (ElB-deleted  tumor  selective  Ad,  b);  G2A  (control,  c);  G4A  (prostate- 
specific  TSTA  oncolytic  Ad,  d).  Amount  of  viable  tumor  cells  were  reflected  by  the  crystal  violet  staining  at  4  days 
after  infection.  B.  Cytopathic  effects  can  be  observed  more  prominently  in  the  AdG4A  infected  cell  than  the  other 
control  virus  (AdCMV-fl  and  AdG2A). 
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Key  Research  Accomplishments: 


•  We  demonstrated  that  different  configurations  of  prostate-specific  TSTA  adenoviral 
vector  that  exhibited  superior  specificity  and  androgen  responsiveness  than  the 
original  head-to-head  configuration.  This  improved  configuration  has  been 
incorporated  into  our  oncolytic  virus. 

•  Image-guided  gene  therapy  was  achieved  with  TSTA  adenoviral  vectors  in  pre- 
clinical  model  of  hormone  refractory  prostate  cancer. 

•  We  have  developed  lymphatic  metastasis  model  of  prostate  cancer  that  can  be 
monitored  by  molecular  imaging.  These  models  will  be  very  useful  in  the 
development  of  vector-targeted  diagnostic  imaging. 

•  The  all-in-one  TSTA  oncolytic  adenovirus  (AdG4A)  has  been  constructed  and  their 
ability  to  target  prostate  cancer  was  demonstrated.  The  analyses  of  its  therapeutic 
activity  are  nearly  complete. 

Reportable  Outcomes  (cumulative  over  the  entire  grant  period): 

Manuscripts: 

1)  Sato  M,  Johnson  M,  Zhang  L,  Gambhir  SS,  Carey  M,  Wu  L.  Functionality  of 
Androgen  Receptor-based  Gene  Expression  Imaging  in  Hormone  Refractory  Prostate 
Cancer.  Clin  Can  Res  2005,  1 1 :3743-9. 

(This  study  confirms  that  modified  PSA  promoter  (PSE-BC)  mediated  TSTA  adenoviral 
vector  can  direct  effective  gene  expression  including  PET  imaging  reporter  gene  in 
androgen-independent  prostate  tumor.) 

2)  Johnson  M,  Sato  M,  Burton  J,  Gambhir  SS,  Carey  M,  Wu  L.  MicroPET/CT 
monitoring  of  herpes  thymidine  kinase  suicide  gene  therapy  in  a  prostate  cancer 
xenograft:  the  advantage  of  a  cell-specific  transcriptional  targeting  approach.  2005 
Mol  Imaging,  4:463-72. 

(This  study  utilized  TSTA  adenovirus  expressing  HSV-tk  gene  in  cytotoxic  gene  therapy 
that’s  coupled  to  molecular  imaging.) 

3)  Brakenhielm  E,  Burton  JB,  Johnson  M,  Chavarria  N,  Morizono  K,  Chen  I,  Alitalo  K, 
Wu  L.  Modulating  metastasis  by  a  lymphangiogenic  switch  in  prostate  cancer.  Int  J 
Can  2007  121:2153-2161.  (featured  on  journal  cover) 

(This  study  applied  optical  imaging  to  monitor  lymphatic  metastasis  in  a  mouse  model  of 
prostate  cancer.) 

4)  Sato  M,  Figueiredo  ML,  Burton  JB,  Johnson  M,  Chen  M,  Powell  R,  Gambhir  SS, 
Carey  M,  Wu  L.  Configurations  of  a  Two-Tiered  Amplified  Gene  Expression  System 
in  Adenoviral  Vectors  Designed  to  Improve  the  Specificity  of  In  Vivo  Prostate 
Cancer  Imaging,  in  submission,  Gene  Ther  (2007) 

(This  study  describes  the  improved  configurations  of  TSTA  adenoviral  vectors.) 

5)  Burton  JB,  Johnson  M,  Sato  M,  Koh  SB,  Stout  S,  Mulholland  D,  Chatziioannou  AF, 
Phelps  M,  Wu  H.  Wu  L.  Adenovirus  Mediated  Gene  Expression  Imaging  to  Directly 
Detect  Sentinel  Lymph  Node  Metastasis  of  Prostate  Cancer,  Nat  Med  (2008),  in  press. 
(This  study  employs  the  AdTSTA-fl  and  AdTSTA-sr39tk  in  a  novel  biomarker-based 
lymphangiography  to  specifically  image  nodal  metastasis  of  prostate  cancer.  Manuscript 
enclosed  in  appendix) 
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Conclusions: 

We  have  demonstrated  that  the  TSTA  approach  can  greatly  augment  prostate-specific 
gene  expression,  and  the  TSTA  adenoviral  vectors  can  mediate  effective  imaging  and 
therapeutic  activity  in  animal  prostate  tumor  models.  We  have  developed  several  lymphatic 
metastatic  prostate  cancer  models  and  demonstrated  that  the  prostate-targeted  TSTA  imaging 
vectors  are  able  to  mediate  effective  gene  transfer  and  specifically  detect  the  presence  of 
nodal  metastases.  The  feasibility  and  functionality  of  prostate-specific  oncolytic  adenovirus 
regulated  by  the  bi-directional  TSTA  method  have  been  demonstrated.  The  evaluation  of  the 
TSTA  oncolytic  virus  mediated  therapeutic  strategy  in  advanced  androgen-independent  and 
metastatic  stage  of  disease  are  underway. 
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Appendices: 

Published  work: 

1)  Brakenhielm  E,  Burton  JB,  Johnson  M,  Chavarria  N,  Morizono  K,  Chen  I,  Alitalo  K, 
Wu  L.  Modulating  metastasis  by  a  lymphangiogenic  switch  in  prostate  cancer.  Int  J 
Can  2007  121:2153-2161. 

Manuscript  in  press: 

2)  Burton  JB,  Johnson  M,  Sato  M,  Koh  SB,  Stout  D,  Mulholland  D,  Chatziioannou  AF, 
Phelps  M,  Wu  H.  Wu  L.  Adenovirus  Mediated  Gene  Expression  Imaging  to  Directly 
Detect  Sentinel  Lymph  Node  Metastasis  of  Prostate  Cancer,  Nat  Med  (2008),  in 
press. 
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Prostate  cancer  dissemination  is  difficult  to  detect  in  the  clinic, 
and  few  treatment  options  exist  for  patients  with  advanced-stage 
disease.  Our  aim  was  to  investigate  the  role  of  tumor  lymphangio- 
genesis  during  metastasis.  Further,  we  implemented  a  noninvasive 
molecular  imaging  technique  to  facilitate  the  assessment  of  the 
metastatic  process.  The  metastatic  potentials  of  several  human 
prostate  cancer  xenograft  models,  LAPC-4,  LAPC-9,  PC3  and 
CWR22Rv-l  were  compared.  The  cells  were  labeled  with  lucifer- 
ase,  a  bioluminescence  imaging  reporter  gene,  to  enable  optical 
imaging.  After  tumor  implantation  the  animals  were  examined 
weekly  during  several  months  for  the  appearance  of  metastases. 
Metastatic  lesions  were  confirmed  by  immunohistochemistry. 
Additionally,  the  angiogenic  and  lymphangiogenic  profiles  of  the 
tumors  were  characterized.  To  confirm  the  role  of  lymphangio- 
genesis  in  mediating  metastasis,  the  low-metastatic  LAPC-9  tumor 
cells  were  engineered  to  overexpress  VEGF-C,  and  the  develop¬ 
ment  of  metastases  was  evaluated.  Our  results  show  CWR22Rv-l 
and  PC3  tumor  cell  lines  to  be  more  metastatic  than  LAPC-4, 
which  in  turn  disseminates  more  readily  than  LAPC-9.  The  differ¬ 
ence  in  metastatic  potential  correlated  with  the  endogenous  pro¬ 
duction  levels  of  lymphangiogenic  growth  factor  VEGF-C  and  the 
presence  of  tumor  lymphatics.  In  agreement,  induced  overexpres¬ 
sion  of  VEGF-C  in  LAPC-9  enhanced  tumor  lymphangiogenesis 
leading  to  the  development  of  metastatic  lesions.  Taken  together, 
our  studies,  based  on  a  molecular  imaging  approach  for  semiquan- 
titative  detection  of  micrometastases,  point  to  an  important  role  of 
tumor  lymphatics  in  the  metastatic  process  of  human  prostate 
cancer.  In  particular,  VEGF-C  seems  to  play  a  key  role  in  prostate 
cancer  metastasis. 

©  2007  Wiley-Liss,  Inc. 
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Prostate  cancer  affects  1  out  of  every  6th  man  in  the  U.S.1 
Already  at  first  diagnosis  about  20-30%  of  patients  present  with 
advanced  stage  disease,  for  which  the  therapeutic  approaches 
include  radical  prostate  surgery  and  hormone  ablation.  This  group 
of  patients  is  at  increased  risk  of  tumor  progression  after  therapy, 
through  the  development  of  androgen-independent  disease  and 
metastasis,  for  which  there  currently  is  no  effective  treatment. 
During  2006  prostate  cancer  was  estimated  to  claim  around 
30,000  lives,1  making  it  the  second  most  common  cause  of  cancer 
mortality  in  men. 

Metastasis  is  a  multistep  process  where  tumor  cell  dissemina¬ 
tion  to  distal  sites  occurs  through  the  blood  or  lymphatic  system. 
Lymph  nodes,  together  with  bone  and  liver,  represent  the  most 
common  sites  of  metastasis  in  prostate  cancer.  For  example,  pelvic 
lymph  node  metastases  have  been  reported  in  50-60%  of 
advanced-grade  prostate  cancer  patients,2-4  and  is  considered  as 
the  strongest  predictor  of  disease  recurrence  and  progression.5-7 
Further,  the  risk  of  dying  from  prostate  cancer  within  5  years  after 
radical  prostatectomy  is  increased  up  to  6-fold  depending  on  the 
degree  of  lymph  node  involvement.8  Thus,  the  lymphatic  vascula¬ 
ture  may  be  the  most  common  path  for  dissemination  in  prostate 
cancer  similar  to  in  breast  cancer.9,10  Tumor  cells  may  gain  access 
to  the  lymphatic  circulation  either  via  migration  towards  pre-exist- 
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ing  lymph  vessels  or  by  stimulation  of  lymphatic  sprouting  into 
the  tumor  through  secretion  of  lymphangiogenic  growth  fac¬ 
tors.11,12  In  recent  years,  the  complex  regulation  of  lymphangio¬ 
genesis  has  begun  to  unravel,  through  the  discovery  of  specific 
markers  for  lymphatic  endothelial  cells  and  their  selective  growth 
factors  and  receptors.13  Many  clinical  studies  have  found  that  ele¬ 
vated  lymphangiogenic  growth  factor  expression  in  the  tumor,  the 
presence  of  tumor  lymphatics  and/or  lymph  node  micrometastases 
correlate  with  poor  prognosis  and  distal  organ  metastasis.11  The 
best  studied  example  is  breast  cancer,  where  clinical  assessment 
of  sentinel  lymph  node  involvement  is  becoming  the  standard  for 
diagnosis,  prognosis  and  therapeutic  guidance.  For  prostate  can¬ 
cer,  several  clinical  studies  have  similarly  shown  correlations 
between  elevated  lymphangiogenic  growth  factor  expression  in 
the  tumor  and  lymph  node  metastasis  and  advanced- stage  dis¬ 
ease.14-17  Despite  these  indications,  only  recently  have  some  ex¬ 
perimental  data  emerged  concerning  the  occurrence  of  lymphan¬ 
giogenesis  in  animal  models  of  prostate  cancer,18,19  thus  high¬ 
lighting  the  need  for  further  studies  to  delineate  the  role  of  the 
lymphatic  system  to  guide  the  development  of  novel  tools  for  pre¬ 
vention  and  treatment  of  prostate  cancer  metastasis. 

In  our  study  we  have  investigated  the  impact  of  tumor  lymphan¬ 
giogenesis  on  prostate  cancer  metastasis.  We  first  examined  and 
compared  the  metastatic  potential  of  2  recent  xenograft  models  of 
human  prostate  cancer,  LAPC-4  and  LAPC-9.20’21  These  models 
recapitulate  many  characteristics  of  the  human  disease:  (/)  the  tu¬ 
mor  cells  express  wt  androgen  receptor,  (ii)  the  tumor  growth  is 
relatively  slow  and  androgen-dependent,  {Hi)  the  tumor  cells 
express  prostate  specific  antigen  (PSA).  Additionally,  we  com¬ 
pared  the  metastatic  tendencies  and  vascular  growth  factor  expres¬ 
sion  levels  of  these  2  models  to  the  highly  aggressive  prostate  can¬ 
cer  cell  lines  CWR22Rv-l  and  PC3.  Further,  to  directly  query  the 
causative  role  of  tumor  lymphangiogenesis  in  mediating  tumor 
metastasis  we  evaluated  the  influence  of  overexpression  of  the 
lymphangiogenic  growth  factor  VEGF-C  on  metastasis  in  the 
weakly  metastatic  LAPC-9  tumor  model.  These  respective  goals 
were  achieved  by  a  noninvasive  optical  bioluminescence  imaging 
approach  that  enabled  us  to  monitor  the  development  of  distant 
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metastasis  in  real-time  and  to  locate  and  quantify  micrometastatic 
lesions  in  isolated  tissues.22,23  We  show  here  that  lymphangiogen- 
esis  and  VEGF-C  expression  correlated  with  lymph  node  and  lung 
metastasis  in  the  4  different  prostate  cancer  cell  lines  examined. 
Further,  we  demonstrate  that  overexpression  of  VEGF-C  resulted 
in  the  stimulation  of  tumor  lymphangiogenesis  generating  a  switch 
from  a  low-metastatic  to  a  highly -metastatic  tumor. 

Material  and  methods 

All  handling  of  animals  was  performed  in  accordance  with  the 
University  of  California,  Los  Angeles  (UCLA)  Animal  Research 
Committee  guidelines.  Prostate  epithelial  cell  basal  medium 
(PrEBM)  and  Bulletpack  supplements  were  obtained  from  Clonetics 
(San  Diego,  CA). 

Tumor  cells 

The  androgen-dependent  human  prostate  cancer  cell  lines, 
LAPC-4  and  LAPC-9,  derived  as  previously  described,20’21’24 
were  kind  gifts  from  Dr.  Charles  Sawyers  (UCLA,  Los  Angeles, 
CA).  The  cells  were  maintained  by  in  vivo  passage  as  subcutane¬ 
ous  xenograft  tumors  in  male  severe  combined  immune-deficient 
(scid)  natural  killer  cell  knock-out  (NK_/_)  mice  (Taconic  farms; 
Germantown,  NY).  During  in  vitro  manipulations  these  cells  were 
seeded  in  PrEBM  supplemented  with  bovine  pituitary  extract,  in¬ 
sulin,  hydrocortisone,  GA-1000,  retinoic  acid,  transferrin,  T3,  epi¬ 
nephrine  and  human  EGF  (Bulletpack,  Clonetics).  The  tumor  cells 
were  reimplanted  within  3  days  of  in  vitro  culture.  The 
CWR22Rv-l  and  PC3  tumor  cell  lines  (kind  gifts  from  Dr.  David 
Agus,  Cedars-Sinai  Medical  Center,  Los  Angeles,  CA)  were  main¬ 
tained  in  vitro  in  RPMI  and  DMEM,  respectively,  containing  10% 
FBS  and  1%  Penicillin/Streptomycin. 

Lentiviral  production  and  tumor  transduction 

Before  each  experiment,  fresh  LAPC-4  and  LAPC-9  tumor  tis¬ 
sues  were  collected  to  prepare  single  cell  suspensions.  Tumor  cells 
were  transduced  using  lentivirus  carrying  CMV  promoter-driven 
firefly  luciferase  (FL)  or  renilla  lucif erase  (RL)  reporter  genes,  as 
previously  described.25  Briefly,  the  luciferase  genes  were  sub¬ 
cloned  from  phFL-cmv  or  phRL-cmv  (Promega,  Madison,  WI) 
plasmids  and  inserted  downstream  of  the  hCMV  promoter  in  the 
pCCL-M4  lentiviral  vector,26  resulting  in  the  pCCL-cmv-lucifer- 
ase-M4  vector  used  to  generate  LAPC-4-cmv-FL  (hereafter 
referred  to  as  LAPC-4),  LAPC-9-cmv-FL  (LAPC-9),  LAPC-9- 
cmv-RL,  C WR22Rv- 1  -cmv-RL  (CWR22Rvl)  and  PC3-cmv-RL 
(PC3).  In  a  second  experiment,  LAPC-9  tumors  expressing  RL 
were  transduced  in  suspension  with  lentiviral  vector  pCCL- 
VEGFC-IRES-eGFP  (LAPC-9/VEGF-C)  or  empty  vector  control 
pCCL-IRES-eGFP  (LAPC-9/GFP).  Recombinant  lentivirus  was 
produced  by  calcium  phosphate  cotransfection  of  293T  cells. 
Tumor  cells  were  infected  using  viral  supernatant  at  MOI  1  or 
2  during  4  hr  of  incubation.  Robust  and  constitutive  cellular 
expression  of  luciferase  enzymes  were  confirmed  by  an  in  vitro 
bioluminescence  assay  (Promega). 

In  vivo  and  ex  vivo  optical  imaging  of  primary  tumor 
growth  and  metastasis 

One  million  lentiviral-transduced  tumor  cells  (LAPC-4,  LAPC- 
9,  LAPC-9/GFP,  LAPC-9/VEGF-C,  CWR22Rv-l  or  PC3)  ex¬ 
pressing  FL  or  RL  reporter  genes  were  subcutaneously  implanted 
in  the  right  upper  back  of  immune-deficient  male  scid/nk-^-  mice 
(n  =  6-10).  Tumor  sizes  were  measured  regularly  using  digital 
calipers.  After  administration  of  luciferase  substrates  (D-luciferin, 
150  mg/kg  i.p.  for  FL;  coelenterazine,  1  mg/kg  i.v.  for  RL)  the 
anaesthetized  mice  were  imaged  using  the  bioluminescence 
optical  imager  (IVIS  200;  Xenogen,  Alameda,  CA)  immediately 
after  tumor  implantation  and  weekly  thereafter  according  to  pre¬ 
viously  described  techniques.22,27  Maximal  luciferase  signals 
were  semiquantihed  using  Living  Image  2.5  (Xenogen)  and  IGOR 


(Wavemetrics,  Lake  Oswego,  OR)  image  analysis  softwares.  Bio¬ 
luminescence  in  vivo  signal  was  considered  positive  if  the  signal 
in  the  region  of  interest  (ROI)  exceeded  1  X  105  photons/sec/cm2/ 
steradian  (p/s/cm2/sr). 

The  primary  tumors  were  grown  to  the  ethical  limit  of  15  mm 
in  diameter,  at  which  time  the  animals  either  were  sacrificed  or  the 
tumors  surgically  removed,  as  indicated.  After  operation,  the  mice 
were  analyzed  weekly  by  optical  imaging  to  monitor  the  occur¬ 
rence  of  metastases.  The  mice  were  sacrificed  within  100  days 
postoperation  or  earlier  if  either  primary  tumors  regrew  or  other 
adversary  health  signs  developed.  Upon  sacrifice  of  all  animals, 
the  whole  body  and  free-dissected  organs  were  imaged  ex  vivo  for 
bioluminescence  after  a  brief  application  of  luciferase  substrate. 
Data  are  reported  as  the  average  of  maximal  biolumine scent  sig¬ 
nals  in  the  ROI  and  in  the  unit  of  p/s/cm2/sr. 

Immunohistochemistry 

Tumors,  lungs  and  lymph  nodes  were  processed  for  histological 
examination  (n  =  6-9).  Paraffin-embedded  sections  (5  pm)  were 
stained  for  a  vascular  endothelial  marker  (biotinylated  rat  anti¬ 
mouse  CD31  1:100,  BD  Biosciences,  San  Jose,  CA),  lymphatic 
endothelial  markers  (rabbit  anti-LYVE-1  1:300,  RELIATech, 
Braunschweig,  Germany;  rabbit  anti-Proxl,  1:100,  Novus  Biologi- 
cals,  Littleton,  CO;  and  rabbit  anti-VEGF  receptor  (VEGF  R)-3, 
1:200,  Santa  Cruz  Biotechnology,  Santa  Cruz,  CA),  a  macrophage 
marker  (rat  anti-F4/80,  1:100,  AbD  Serotech,  Raleigh,  NC),  or  a 
prostate  epithelial  marker  (mouse  anti-human  pan  cytokeratin  IX, 
Biogenex,  San  Ramon,  CA)  as  previously  described.28  HRP-con- 
jugated  secondary  reagents  (Vector  Laboratories,  Burlingame, 
CA)  were  detected  either  using  the  chromogen  diaminobenzidine 
or  fluorescent  conjugates  (NEN  TSA  kits,  Perkin  Elmer,  Boston, 
MA).  Confocal  microscopic  images  were  taken  at  10  X  or  20  X 
optical  magnification  using  a  Carl  Zeiss  LSM  310  Laser  Scanning 
Confocal  microscope. 

Images  were  processed  using  Photoshop  software  (Adobe  sys¬ 
tems,  San  Jose,  CA).  For  each  histological  analysis  6-9  animals 
were  included  with  5-20  micrographs  per  animal.  Blood  or  lym¬ 
phatic  vessel  profiles  (vascular  density  and  vessel  lumen  sizes) 
were  analyzed  in  pictures  at  10  X  or  20 X  optical  magnification 
using  a  stereological  approach  as  previously  described.29  Briefly, 
blood  vessels  were  analyzed  in  sections  stained  with  CD31  and 
lymphatic  vessels  were  analyzed  in  sections  double  labeled  for 
CD3 1  and  LYVE- 1  to  discriminate  between  blood  and  lymphatic 
vessels.  Lymphatic  vessels  within  the  tumor  and  close  to  the  pe¬ 
ripheral  tumor  border  were  classified  as  intratumoral  vessels, 
whereas  LYVE-1  positive  structures  outside  the  tumor  border 
were  classified  a  peritumoral  lymphatics. 

Real  time  RT-PCR 

Fresh  tumor  tissue  was  snap  frozen  in  liquid  nitrogen,  and 
stored  at  —  80°C  until  analysis.  The  tissue  was  ground  to  a  fine 
powder  in  liquid  nitrogen  and  RNA  was  extracted  using  Tri-rea¬ 
gent  (Sigma- Aldrich,  St  Louis,  MO)  according  to  the  manufac¬ 
turer’s  suggested  protocol.  RNA  (1  pg)  was  reverse  transcribed  by 
incubation  for  1  cycle  at  25°C  for  10  min,  48°C  for  45  min  and 
95°C  for  5  min.  Reaction  conditions  were  as  follows:  IX  RT- 
buffer,  5.5  mM  MgCl2,  500  pM  dNTP,  2.5  pM  random  hexamer 
primer,  0.4  U/pl  RNase  inhibitor  and  1.25  U/pl  reverse  transcrip¬ 
tase  enzyme.  For  each  sample,  1  pi  cDNA  (~  20  ng)  was  ampli¬ 
fied  using  SyBr  green  2X  master  mix  (Applied  Biosystems,  Foster 
City,  CA)  and  10  pM  of  the  following  primers: 

Actin: 

•  forward  5'  T  C  A  AG  AT  C  ATT  GCTCCTCCT  GAGC  3' 

•  reverse  5'  TACTCCTGCTT  GCT  G  ATCC  AC  AT  C  3' 


h  VEGF-C: 

•  forward  5'  CGGCTT  AT  GC  A  AGC  A  A  AG  AT  CTGG  3' 

•  reverse  5'  GCCT CCTTTCCTT AGCT G AC ACTT  3' 
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Figure  1  -  Prostate  cancer  xeno¬ 
graft  models:  optical  imaging  of 
tumor  growth.  LAPC-4  and  LAPC- 
9  human  tumor  cells  were  im¬ 
planted  in  immune-deficient  mice 
(, n  =  10).  Tumor  volume  was  mea¬ 
sured  (a)  and  the  luciferase  reporter 
gene  (FL)  activity  assayed  via 
in  vivo  optical  imaging  ( b ).  Blue 
color  =  LAPC-9  group;  red  color 
=  LAPC-4  group.  Dashed  exten¬ 
sions  of  the  curves  represent  pro¬ 
jected  values  after  tumors  had  been 
surgically  removed  in  the  majority 
of  animals  in  a  group.  Representa¬ 
tive  examples  of  the  tumor-derived 
optical  signal  in  LAPC-4-  and 
LAPC-9-bearing  mice  at  day  20 
postimplantation  are  shown  (c). 
The  color  bar  indicates  the  inten¬ 
sity  range  of  the  bioluminescence 
signal  (p/s/cm2/sr).  The  tumors 
were  surgically  removed  within  4- 
7  weeks  postimplantation.  Immu- 
nohistochemical  staining  of  blood 
vessels  in  tumor  sections  revealed 
no  difference  in  vascularity  between 
the  groups  ( d ;  X4  and  X20).  Scale 
bars  =  200  and  50  pm,  respectively. 


hVEGF-A: 

•  forward  5'  AGG  AGT  ACCCT  GAT  GAG  AT  CG  AGT  3' 

•  reverse  5'  CAT GGT GAT GTT GG ACT CCT C AGT  3' 


The  reaction  was  run  on  an  Opticon  Monitor  2  real  time  PCR 
machine  (MJ  Research/Biorad,  Waltham,  MA).  Samples  were 
amplified  using  Opticon  Monitor  2  real  time  technology  under  the 
following  cycling  conditions:  39  cycles  of  95°C/15  sec,  60°C/30 
sec  and  72°C/30  sec.  Gene  expression  was  determined  by  standard 
curve  method  and  normalized  to  (3-actin  expression  (n  =  4  tumors 
per  group). 

Statistical  analysis 

Student’s  two-tailed  r-test  was  used  to  calculate  statistical  dif¬ 
ferences  between  2  groups,  p  <  0.05  was  considered  significant. 

Results 

Characterization  of  the  LAPC-4  and  LAPC-9  wt  tumors 

One  million  LAPC-4  or  LAPC-9  tumor  cells  overexpressing  FL 
were  implanted  in  the  right  upper  back  of  immune-deficient  mice. 
The  expression  level  of  FL  was  similar  in  both  tumor  cell  lines,  at 
5-7  X  105  relative  light  units/s/pg  protein  as  measured  in  vitro 
prior  to  implantation.  The  animals  were  investigated  using  biolu¬ 
minescence  imaging  immediately  after  implantation  and  weekly 
thereafter.  The  LAPC-4  tumors  established  at  a  slightly  slower 
rate  than  the  LAPC-9  tumors  (Fig.  1  a).  The  tumor  growth  was 
mirrored  by  an  exponential  increase  in  the  emitted  in  vivo  lucifer¬ 
ase  signal  (Figs.  1  b  and  lc).  Tumors  were  surgically  removed 
when  they  reached  the  upper  ethical  limit.  The  in  vivo  optical  sig¬ 
nal  from  the  primary  tumors  at  the  time  of  resection  was  between 
1.1-1. 4  X  109  p/s/cm2/sr,  and  the  sizes  of  the  removed  tumors 
were  similar  in  both  groups  (data  not  shown).  Detailed  immuno- 
histochemical  analysis  revealed  that  there  were  no  differences  in 
the  degree  of  vascularity  between  LAPC-4  and  LAPC-9  tumors, 
as  determined  by  the  evaluation  of  both  vessel  numbers  and  vessel 
sizes  (Fig.  Id,  data  not  shown). 


In  vivo  and  ex  vivo  optical  monitoring  of  the 
development  of  metastases 

Because  of  light  scattering  properties  in  vivo,  low-intensity  bio¬ 
luminescence  emitted  from  micrometastatic  lesions  may  be  diffi¬ 
cult  to  detect  in  the  presence  of  a  strong  bioluminescence  signal 
produced  by  primary  tumors.30  Thus,  the  surgical  resection  of  pri¬ 
mary  tumors  performed  in  our  study  not  only  mimics  therapeutic 
intervention  in  the  clinic  but  also  removes  the  intense  biolumines¬ 
cence  focus  thus  enabling  sensitive  monitoring  of  metastasis  de¬ 
velopment  in  vivo.  Immediately  after  primary  tumor  removal  no 
signs  of  secondary  lesions  were  observed.  However,  within  3 
weeks  some  mice  in  the  LAPC-4  group  showed  significant  optical 
signals  emitted  from  the  ventral  side,  in  a  position  suggestive  of 
lung  metastasis.  The  further  development  and  growth  of  these 
potential  metastatic  lesions  was  monitored  up  to  100  days  after  the 
primary  tumor  removal  or  until  adversary  health  signs  developed 
(Figs.  2 a  and  2c).  During  this  time,  7  out  of  9  mice  in  the  LAPC-4 
group  acquired  strong  luciferase  signals  in  locations  distant  from 
the  primary  tumor  implantation  site.  No  such  in  vivo  imaging  sig¬ 
nals  were  found  in  the  LAPC-9 -implanted  mice  (Figs.  2b  and  2c). 
Tumor  regrowth  in  the  surgical  site  occurred  in  5  out  of  7  (71%) 
LAPC-9  mice  and  in  4  out  of  9  (44%)  LAPC-4-implanted  mice. 
Thus  animals  were  evaluated  at  sacrifice  to  confirm  the  specific 
location  of  metastases  by  ex  vivo  imaging  of  dissected  organs.  In 
the  LAPC-4  group  100%  (9  out  of  9)  of  the  animals  had  developed 
optically  detectable  metastatic  lesions,  primarily  in  lung  and  re¬ 
gional  lymph  nodes  (Table  I,  Figs.  2d  and  2c),  with  an  average  ex 
vivo  lung  metastatic  signal  intensity  of  3.9  X  107  p/s/cm2/sr.  In 
contrast,  optical  signs  of  metastases  could  only  be  found  in  less 
than  29%  (2  out  of  7)  of  LAPC-9 -implanted  mice,  where  positive 
signals  were  observed  in  1  lung  and  in  1  brachial  lymph  node, 
respectively  (Table  I,  Fig.  2f).  Furthermore,  these  signals  were 
comparably  weaker;  at  less  than  12%  of  the  optical  intensity 
observed  in  LAPC-4-implanted  mice. 

Immunohistochemical  analyses  of  primary  tumors  and  metastases 

To  confirm  the  metastatic  lesions  identified  by  optical  imaging, 
the  lungs  and  lymph  nodes  were  retrieved  for  immunohistochemi- 
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Figure  2  -  Tumor  metastasis  monitored  by  in  vivo  and  ex  vivo  optical  imaging.  Representative  examples  of  dorsal  and  ventral  optical  images 
of  mice  in  the  LAPC-4-  (a)  and  LAPC-9  cohort  (b)  at  various  time  points  following  primary  tumor  resection  are  shown.  The  appearance  of  biolu¬ 
minescence  signal  above  background  was  first  evident  in  the  ventral  side  of  the  mice,  suggestive  of  lung  metastases.  The  color  bar  to  the  right 
indicates  the  signal  intensity  range  (p/s/cm2/sr  X  106).  The  maximal  luciferase  signal  emitted  from  the  ventral  side  of  animals  in  LAPC-4-  and 
LAPC-9  groups  is  plotted  over  time  after  tumor  removal  (c).  The  grey  dashed  line  shows  the  level  set  for  background  signal.  Only  LAPC-4- 
implanted  mice  developed  in  vivo  signals  indicative  of  metastasis.  These  secondary  sources  of  bioluminescence  emission  in  the  animals  remained 
stable  or  increased  in  intensity  over  time.  Blue  color  =  LAPC-9  group;  red  color  =  LAPC-4  group.  Data  represent  averages  ±SEM  (n  =  4). 
Within  100  days  after  the  tumor  removal  the  animals  were  sacrificed  and  the  lungs  and  lymph  nodes  dissected  and  imaged  optically  for  the  pres¬ 
ence  of  tumor  cell-derived  luciferase  signal.  Lung  metastatic  signs  were  observed  in  all  but  one  of  the  LAPC-4-  ( n  =  9)  and  in  only  one  of  the 
LAPC-9 -implanted  mice  (n  =  7),  whereas  lymph  node  signals  were  found  in  three  LAPC-4  mice  and  in  one  LAPC-9  mouse  (see  Table  I).  Repre¬ 
sentative  examples  of  lungs  (d)  and  lymph  nodes  (e)  from  the  LAPC-4  group  and  lungs  (f)  from  the  LAPC-9  group  are  shown.  The  color  scale 
indicates  bioluminescence  intensity  (p/s/cm2/sr).  The  upper  row  circular  microphotographs  are  each  from  a  different  animal,  and  the  lower  row 
pictures  are  the  corresponding  bioluminescence  composite  images.  iBLN,  ipsilateral  brachial  lymph  node;  iCLN,  ipsilateral  cervical  lymph  node. 


cal  analyses.  Both  LAPC-4  and  LAPC-9  tumor  cells  could  be  eas¬ 
ily  distinguished  using  human  cytokeratin  as  a  marker,  as  seen  by 
the  intense  cytoplasmic  staining  in  the  primary  tumors  (Fig.  3 a). 
Lymph  nodes  from  the  LAPC-4  group  with  positive  optical  signals 
were  found  to  contain  tumor  masses  involving  up  to  50%  of  the 
nodal  area  in  brachial  or  cervical  lymph  nodes  (Fig.  3b).  Similarly, 
the  tumor  cells  present  in  the  lung  stained  strongly  for  cytokeratin, 
making  identification  of  metastases  straightforward  (Fig.  3c).  Mul¬ 
tiple  metastatic  lesions  were  found  in  lungs  from  the  LAPC-4 
group,  confirming  the  results  of  the  optical  imaging  (Fig.  3d).  The 
1  LAPC-9  animal  with  optical  signal  emitted  from  the  lungs  was 
also  verified  to  carry  lung  metastases,  whereas  all  other  lungs  of 
the  LAPC-9  cohort  were  negative  (data  not  shown). 

Evaluation  of  the  angiogenic  and  lymphangio genic 
profiles  of  the  primary  tumors 

To  investigate  the  presence  of  tumor  lymphatics  immunohisto- 
chemical  analyses  were  performed  on  paraffin-embedded  primary 
tumor  sections.  Samples  were  double  stained  to  visualize  blood 
and  lymph  vessels  simultaneously.  In  LAPC-4  tumors,  LYVE-1- 
positive  structures  were  present  in  the  tumor  periphery,  and  thin 
lymphatic  vessels  were  found  penetrating  into  the  tumor,  often 
alongside  clusters  of  blood  vessels  (Figs.  3c  and  3f).  The  lym¬ 
phatic  nature  of  these  structures  was  confirmed  by  staining  for  mu¬ 
rine  VEGFR-3  (Fig.  3g).  In  contrast,  LAPC-9  tumors  were  gener¬ 
ally  lacking  intratumoral  lymphatics,  except  for  occasional  small 
lymph  vessels  close  to  the  tumor  border  (Figs.  3c  and  Ad). 

To  determine  if  the  observed  differences  in  tumor  lymphatics 
were  due  to  differences  in  vascular  growth  factor  expressions,  real 


TABLE  I  -  NUMBER  OF  MICE  WITH  LUCIFERASE  POSITIVE 
LUNGS  OR  LYMPH  NODES  (LN)  AT  SACRIFICE  AS  JUDGED 
BY  EX  VIVO  OPTICAL  IMAGING 


Degree  of  involvement 

LAPC-4 

LAPC-9 

Lungs 

No  metastasis 

1 

6 

1-2  Positive  lobes 

2 

0 

3-4  Positive  lobes 

1 

1 

All  lung  lobes  positive 

5 

0 

Incidence  of  lung  metastasis 

89% 

14% 

Lymph  nodes 

No  metastasis 

6 

6 

Positive  brachial  LNs 

2 

1 

Positive  cervical  LNs 

3 

0 

Incidence  of  LN  metastasis 

33% 

14% 

In  the  LAPC-4  implanted  mice  2  out  of  9  mice  had  both  brachial 
and  cervical  lymph  node  metastases.  The  total  number  of  animals  with 
luciferase  positive  lymph  nodes  in  the  LAPC-4  group  was  3  animals. 


time  RT-PCR  analyses  were  performed.  LAPC-4  tumors  showed  a 
slight  1.6-fold  increase  in  vascular  endothelial  growth  factor 
(VEGF)-A  expression  levels  as  compared  to  LAPC-9  tumors, 
although  it  did  not  reach  significance  (Fig.  3 h).  This  is  in  line  with 
our  finding  that  these  tumors  were  equally  vascularized.  In  con¬ 
trast,  the  expression  of  the  lymphangiogenic  factor  VEGF-C  was 
significantly  elevated  in  LAPC-4,  at  3.3-fold  higher  levels  as  com¬ 
pared  to  LAPC-9  (p  =  0.01,  Fig.  3 h),  in  agreement  with  the  tumor 
lymphatics  results  earlier.  The  difference  in  VEGF-C  expression 
levels  in  LAPC-4  compared  to  LAPC-9  tumors  is  modest  in  this 
current  cohort  of  animals.  Consistently,  during  the  last  2  years,  we 
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Figure  3  -  Immunohistochemical  detection  of  metastases  and  studies  of  angiogenic  and  lymphangiogenic  tumor  profiles.  Lung  and  lymph 
node  sections  from  LAPC-4-  and  LAPC-9 -implanted  mice  were  processed  to  detect  tumor  cells  in  the  parenchyma.  LAPC-4  primary  tumor  sec¬ 
tions  served  as  positive  controls  for  human  cytokeratin  {a).  Hematoxylin  &  eosin  stained  sections  revealed  tumor  metastases  in  the  lymph  nodes 
( b )  and  lungs  ( d)  from  the  LAPC-4  group.  A  brachial  lymph  node  from  a  LAPC-4-implanted  mouse  shows  a  large  subcapsular  lesion  ( b ).  Cyto¬ 
keratin  staining  revealed  tumor  cells  present  in  lungs  in  the  LAPC-4-implanted  group  (c).  Yellow  lines  indicate  the  tumor  mass.  Scale  bars  = 
200  pm  (X4),  100  pm  (X 10)  and  25  pm  (X40),  respectively.  The  blood  (CD31;  green)  and  lymph  (LYVE-1;  red)  vessels  of  the  primary  tumors 
(nuclei,  blue)  were  visualized  by  immunohistochemistry.  Analysis  of  LAPC-4  tumors  revealed  the  presence  of  small  lymphatics  both  in  peritu- 
moral  and  intratumoral  areas  ( e ,  left:  X 10  and  right:  X20 ;/,  X40).  Most  LAPC-9  tumors  displayed  only  very  few  lymphatic  vessels  at  the  tumor 
periphery  ( e ,  left:  X10).  Scale  bar  in  e  =  100  pm.  T,  tumor;  S,  surrounding  tissue.  The  intratumoral  LYVE-1  positive  (green)  structures  (f,  X40, 
white  arrowheads)  were  also  positive  for  another  lymphatic  marker,  VEGFR-3  (green)  (g,  X40,  white  arrowheads).  Angiogenic  and 
lymphangiogenic  growth  factor  expressions  were  analyzed  in  the  excised  tumors  by  real  time  RT-PCR  analysis  ( h ).  VEGF-A  levels  were  found  to 
be  similar  whereas  VEGF-C  expression  levels  were  significantly  and  markedly  elevated  in  LAPC-4  as  compared  to  LAPC-9  tumors.  *p  <  0.05. 
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Figure  4  -  VEGF-C  expression  enhances  intratumoral  lymphangiogenesis  in  LAPC-9.  VEGF-C  expression  was  determined  by  real  time  RT- 
PCR  analysis  of  various  prostate  cancer  tumor  samples  (a).  Overexpression  of  VEGF-C  in  LAPC-9  results  in  >  100-fold  increase  in  VEGF-C 
levels  as  compared  to  LAPC-9/GFP  tumors.  This  is  ~  2-fold  and  4-fold  higher  levels  as  compared  to  PC3  and  CWR22Rv-l,  respectively.  Pri¬ 
mary  tumor  growth  rates  in  immune-deficient  mice  were  similar  in  LAPC-9/GFP-  and  LAPC-9/VEGF-C-implanted  mice  ( b ;  n  =  6-8).  Tumor 
immunohistochemical  examination  revealed  that  blood  vessels  (CD31;  X4)  and  in  particular  intratumoral  lymphatic  vessels  (LYVE-1,  X20) 
were  more  abundant  in  LAPC-9/VEGF-C  tumors  as  compared  to  LAPC-9/GFP  control  tumors  (c,  d;  S,  surrounding  tissue;  T,  tumor).  Quantifi¬ 
cation  analysis  demonstrated  that  the  lymphatic  vessel  density  in  LAPC-9/VEGF-C  tumors  (VEGF-C,  blue)  was  20-fold  higher  than  in  LAPC-9/ 
GFP  control  tumors  (Ctrl,  red)  (c;  LYVE-1),  whereas  there  was  only  a  modest  2-fold  increase  in  blood  vessel  density  (c;  CD31).  Double  staining 
for  lymph  (LYVE-1,  red)  and  blood  vessels  (CD31,  green)  in  LAPC-9/VEGF-C  tumors  revealed  extensive  networks  of  intratumoral  lymph  ves¬ 
sels  growing  in  proximity  to  blood  vessels  ( e ,  left:  X20).  LYVE-1  positive  structures  (green)  were  also  positive  for  another  lymphatic  marker, 
proxl  (red)  (c,  center  and  right,  X40,  white  arrowheads).  LYVE-1  positive  cells  (red)  did  not  colocalize  with  a  macrophage  marker  F4/80 
(green)  (f,  X10).  White  scale  bars  in  d,  e  =  100  pm;  <  0.05,  **p  <  0.005. 


have  observed  VEGF-C  expression  levels  in  LAPC-4  tumors  rang¬ 
ing  from  10-  to  30-fold  higher  than  in  LAPC-9  tumors.  This  sug¬ 
gests  that  a  downward  drift  of  VEGF-C  expression  may  be  occur¬ 
ring  in  this  LAPC-4  model  during  serial  passage  in  scid  mice. 

Over  expression  of  VEGF-C  mediates  prostate  cancer  metastasis 

To  gain  further  insight  into  the  role  of  tumor  lymphatics  in  pros¬ 
tate  cancer  metastasis  we  used  2  approaches:  (/)  to  examine  sev¬ 
eral  additional  prostate  cancer  models  as  to  the  relation  of  VEGF- 
C  expression  and  metastasis  and  (ii)  to  determine  the  effects  of 
forced  expression  of  VEGF-C  in  the  low-metastatic  LAPC-9 
tumor  model.  The  mRNA  expression  levels  of  VEGF-C  were 
determined  by  quantitative  RT-PCR  in  several  prostate  cancer  tu¬ 
mor  models,  including  CWR22Rv-l,  PC3,  LAPC-4,  LAPC-9/GFP 
and  VEGF-C-overexpressing  LAPC-9  tumors  (Fig.  4a).  Among 
these,  the  androgen-independent,  aggressive  PC3  and  CWR22Rv- 
1  tumors  showed  notably  higher  VEGF-C  expression  levels  as  com¬ 
pared  to  the  androgen-dependent  LAPC-4  tumors.  This  finding  is  in 
support  of  the  previously  published  lymphatic  metastatic  ability  of 
the  PC3  cell  line.31  As  expected,  overexpression  of  VEGF-C  in  the 
LAPC-9  cell  line  using  a  lentiviral  approach  produced  a  robust 
increase  in  VEGF-C  mRNA  levels,  ^2.5-fold  above  the  level  in 
PC3  tumors.  The  expression  of  another  pro-lymphangiogenic 
growth  factor  in  the  VEGF  family,  VEGF-D,  was  also  examined.  In 
contrast  to  VEGF-C,  the  level  of  VEGF-D  mRNA  was  negligible  in 
all  4  prostate  tumor  models  (data  not  show). 

Although  VEGF-C  is  a  dominant  lymphangiogenic  growth  fac¬ 
tor  by  activating  VEGFR-3,13  it  may  also  induce  angiogenesis  by 
binding  to  VEGFR-2.32  Thus,  in  investigating  the  effects  of  over¬ 
expression  of  VEGF-C  in  LAPC-9  we  examined  the  angiogenic 


and  lymphangiogenic  profiles  of  the  tumors  in  detail.  One  million 
tumor  cells  marked  with  RL  were  implanted  in  the  right  upper 
back  of  immune-deficient  mice.  The  LAPC-9/VEGF-C  tumors 
showed  similar  in  vivo  growth  rate  to  the  LAPC-9/GFP  control 
tumors  as  judged  by  tumor  volume  measurements  (Fig.  4b)  and 
bioluminescence  signal  evaluation  (data  not  shown).  The  excised 
primary  tumors  were  examined  by  immunohistochemistry  to 
determine  their  vascular  profiles.  Intratumoral  lymph  vessels  were 
much  more  abundant  in  LAPC-9/VEGF-C  tumors  as  compared  to 
LAPC-9/GFP  control  tumors  that  only  contained  few  peritumoral 
lymphatics  (Fig.  4 c-4f).  The  overexpression  of  VEGF-C  in 
LAPC-9  resulted  in  a  slight  increase  in  blood  vessel  density, 
whereas  there  was  a  striking  20-fold  increase  in  intratumoral  lym¬ 
phatic  vessel  density  (Fig.  4c).  Indeed,  extensive  networks  of 
intratumoral  lymph  vessels,  consistently  associated  with  blood 
vessels,  were  found  in  LAPC-9/VEGF-C  tumors  (Fig.  4c).  The 
anti-murine  LYVE-1  staining  specifically  identified  lymphatic 
vessels  as  LYVE-1  positive  structures  were  found  to  be  distinct 
from  CD31  positive  blood  vessels  (Figs.  3c  and  4c),  and  expressed 
VEGFR3  (Fig.  3 g)  as  well  as  proxl  (Fig.  4c).  Further,  the  LYVE- 
1  positive  cells  in  the  tumors  were  distinct  from  tumor-associated 
macrophages  (Fig.  4 f). 

Next,  several  different  prostate  xenograft  models  were  exam¬ 
ined  for  signs  of  metastasis  using  bioluminescence  imaging  at  the 
time  of  sacrifice.  In  agreement  with  the  observed  elevated  expres¬ 
sion  of  VEGF-C,  the  PC3  and  CWR22Rv-l  tumor-bearing  ani¬ 
mals  were  found  to  develop  prominent  metastases  to  ipsilateral 
brachial  and  axillary  lymph  nodes,  as  well  as  to  lung  (Fig.  5a).  In 
contrast,  the  LAPC-9/GFP-implanted  control  mice  showed  no 
signs  of  metastasis  (0  out  of  6).  However,  the  induced  overexpres¬ 
sion  of  VEGF-C  in  LAPC-9  tumors  was  sufficient  to  potently 


MODULATING  METASTASIS  BY  A  LYMPH  AN  GIOGENIC  SWITCH 


2159 


b 


Lymph  node 


CD 

E 

_cn 

a  2 

in  ^ 
ra  k 


u 


12 

9 

6 

3 

0 


LlJng  * 


LA  PC- 9/  LAPC-9/ 
GFP  VEGF-C 


C 


d 


■plOO 


r20 


Min  =3e+& 
Max:  =  le+B 


^.0 

Min  =  1e*5 
Max  =  1e*6 


Figure  5  -  VEGF-C  expression  levels  correlate  with  development  of  lymph  node  and  lung  metastases.  Different  human  prostate  cancer  cells 
were  implanted  in  immune-deficient  mice  ( n  =  6-8).  At  sacrifice,  the  luciferase  reporter  gene  (RL)  activity  was  assayed  ex  vivo  by  optical  imag¬ 
ing  of  dissected  organs.  Representative  examples  of  bioluminescence  images  of  lymph  nodes  and  lungs  are  shown  (a,  I,  ipsilateral,  C,  contralat¬ 
eral,  Br,  brachial  lymph  node,  Ax,  axillary  lymph  node).  The  color  bars  indicate  the  intensity  range  of  the  bioluminescence  signal  (p/s/cm2/sr  X 
106).  The  mice  bearing  PC3  and  CWR22Rv-l  tumors  showed  extensive  metastasis  to  regional  lymph  nodes  and  lungs,  whereas  LAPC-9/GFP 
control  tumors  did  not  metastasize.  Overexpression  of  VEGF-C  in  FAPC-9  resulted  in  intense  luciferase  signals  in  both  lymph  nodes  and  lungs, 
suggestive  of  metastasis.  Quantification  analysis  of  bioluminescence  revealed  that  the  optical  signals  were  ~  100-fold  higher  in  regional  lymph 
nodes  and  ~  20-fold  higher  in  lungs  from  LAPC-9/VEGF-C-implanted  mice  as  compared  to  FAPC-9 -implanted  control  mice  ( b ).  Hematoxylin 
&  eosin  (H&E,  upper  panel)  and  cytokeratin  (a-CK,  lower  panel)  staining  of  tissue  sections  confirmed  the  presence  of  tumor  metastases  in  the 
lymph  nodes  (c;  T,  tumor;  FN,  lymph  node,  X4)  and  lungs  (d;  X10)  from  the  FAPC-9/VEGF-C-implanted  group.  The  corresponding  whole 
organ  optical  imaging  photo  for  each  sample  is  shown  in  the  small  insert  in  the  lower  panels  (c,  d).  The  color  bars  indicate  the  intensity  range  of 
the  bioluminescence  signal  (p/s/cm2/sr  X  106).  *p  <  0.05. 


induce  both  lymph  node  and  lung  metastasis  (Fig.  5b).  Indeed, 
63%  (5  out  of  8)  of  the  LAPC-9 /VEGF-C-implanted  mice  showed 
signs  of  lymph  node  metastasis,  which  in  60%  of  the  mice  further 
led  to  the  development  of  lung  metastases  (3  out  of  5).  The  biolu¬ 
minescence  intensities  of  the  optical  signals  were  significantly 
higher  in  regional  lymph  nodes  and  lungs  from  LAPC-9/VEGF-C- 
implanted  mice  as  compared  to  LAPC-9/GFP-implanted  control 
mice  (Fig.  5b).  These  metastatic  lesions  in  lymph  nodes  (Fig.  5c) 
and  lungs  (Fig.  5 d)  were  confirmed  by  immunohistochemistry. 
Notably,  the  sizes  of  the  lesions  found  by  immunohistochemical 
analysis  correlated  with  the  observed  bioluminescence  signal 
intensities  (Figs.  5c  and  5 d). 

An  additional  role  for  VEGF-C  in  mediating  metastasis  has  been 
suggested  recently,  where  tumor  cell  expression  of  VEGFR-2  or 
VEGFR-3  may  lead  to  VEGF-C-stimulated  tumor  cell  proliferation 
and  migration  in  an  autocrine  fashion,33,34  resulting  in  enhanced  tu¬ 
mor  invasiveness  and  metastasis.  To  exclude  this  possibility  the 
expression  levels  of  VEGFR-3  in  LAPC-4  and  LAPC-9  tumor  cells 
were  examined  by  real  time  RT-PCR  as  well  as  by  immunohisto¬ 
chemistry.  We  found  that  both  LAPC-4  and  LAPC-9  tumor  cells 
completely  lacked  expression  of  VEGFR-3  (data  not  shown),  indi¬ 
cating  that  the  VEGF-C  mediated  enhancement  of  tumor  metastasis 
was  not  due  to  autocrine  stimulation  in  these  models. 


Discussion 

Previous  studies  from  our  group  have  revealed  the  metastatic  nature 
of  LAPC-4  tumors,22  whereas  LAPC-9  tumors  rarely  metastasize  from 
a  subcutaneous  implantation  site.  Hence,  in  our  study  we  set  forth  to 
investigate  the  metastatic  process  and  to  compare  the  metastatic  poten¬ 
tial  of  these  2  models  in  a  more  quantifiable  manner  using  molecular 
imaging.  Findings  from  these  recent  LAPC  models  are  likely  to  reflect 
the  behaviors  of  slower  growing,  androgen-dependent  prostate  cancers 
found  in  the  clinic.  Further,  we  carried  on  to  compare  these  LAPC 
models  to  more  aggressive,  androgen-independent  tumors.  Of  note, 
LAPC-4  was  originally  derived  from  a  regional  lymph  node  metastase 
in  a  prostate  cancer  patient,  whereas  LAPC-9  originates  from  a  femo¬ 
ral  metastase.20,24  Similarly,  the  PC3  cancer  cell  line  originates  from 
an  aggressive  bone  metastasis,  and  has  previously  been  shown  in  ani¬ 
mal  models  to  metastasize  to  lymph  nodes,  brain,  lung  and  femurs.31 
In  contrast,  the  CWR22  cell  line  originates  from  a  nonmetastatic  pri¬ 
mary  prostate  cancer  lesion,  of  which  CWR22Rv-l  represent  an 
androgen-independent  xenograft  subclone  with  capacity  to  metastasize 
mainly  to  lung,  fiver  and  bone  in  mice.35,36 

To  elucidate  the  underlying  molecular  mechanisms  of  metasta¬ 
sis,  the  angiogenic  and  lymphangiogenic  profiles  of  these  xeno¬ 
graft  models  were  compared.  We  found  that  prostate  cancer 
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metastasis  correlated  with  the  production  level  of  lymphangio- 
genic  growth  factor  VEGF-C  and  with  tumor  lymphangiogenesis. 
Among  the  4  prostate  cancer  models  analyzed,  the  2  most  aggres¬ 
sive,  androgen-independent  lines,  PC3  and  CWR22Rv-l, 
expressed  the  highest  levels  of  VEGF-C  and  readily  disseminated 
to  regional  lymph  nodes  and  lung.  The  elevated  VEGF-C  expres¬ 
sion  of  the  PC3  model  has  previously  been  documented  in  the  lit¬ 
erature.18,31,37  In  our  experience,  the  CWR22Rv-l  tumors  exhibit 
abundant  peritumoral  and  intratumoral  lymphatic  vessels  (Burton 
et  al.,  unpublished  data).  In  comparing  the  2  slower  growing, 
androgen-dependent  LAPC-4  and  -9  models,  the  former  was  found 
to  express  elevated  levels  of  VEGF-C  concomitant  with  the  occur¬ 
rence  of  intratumoral  lymphatics.  This  moderate  stimulation  of 
lymphangiogenesis  was  sufficient  to  induce  tumor  metastasis  in 
all  animals  bearing  LAPC-4  tumors,  albeit  with  a  prolonged 
latency  of  metastasis  as  compared  to  PC3  and  CWR22Rv-l 
models.  In  contrast,  LAPC-9  tumors,  expressing  the  lowest 
VEGF-C  among  the  4  models  and  lacking  intratumoral  lym¬ 
phatics,  did  not  metastasize.  In  further  support  of  a  predominantly 
lymphatic  route  of  metastasis  we  found  that  induced  overexpres¬ 
sion  of  VEGF-C  in  the  weakly  metastatic  LAPC-9  prostate  cancer 
model  resulted  in  stimulation  of  lymphangiogenesis  leading  to  a 
highly  metastatic  tumor  phenotype.  Specifically,  the  fact  the 
angiogenic  profiles  (i.e.,  the  degree  of  vascularity  and  the  level  of 
expression  of  VEGF-A  between  LAPC-4  and  LAPC-9  tumors  or 
between  LAPC-9/VEGF-C  and  LAPC-9/GFP  control  tumors) 
were  comparable  indicates  that  angiogenesis  is  likely  not  the  key 
factor  accounting  for  the  tumors  differential  abilities  for  metastatic 
spreading  in  our  animal  models.  In  contrast,  the  main  factor  seems 
to  be  molecular  differences  related  to  tumoral  lymph  vessels. 

Our  conclusion  that  tumoral  lymphatic  vessel  content  is  the  major 
factor  accounting  for  the  tumor’s  metastatic  ability  is  supported  by 
the  following  findings:  (/)  Metastases  were  observed  in  ipsilateral  re¬ 
gional  lymph  nodes  in  the  expected  primary  lymph  drainage  path¬ 
ways,  indicative  of  a  lymphatic  route  of  tumor  dissemination.  (//) 
VEGF-C,  a  lymphangiogenic  growth  factor,  was  expressed  at  3.3- 
fold  higher  levels  in  metastatic  LAPC-4  tumors  as  compared  to  in 
low-metastatic  LAPC-9  tumors.  {Hi)  Peritumoral  and  especially 
intratumoral  lymphatics  were  comparatively  more  abundant  in 
LAPC-4  than  in  LAPC-9  tumors,  (iv)  Notably  enlarged  tumoral  lym¬ 
phatic  networks  were  found  after  overexpression  of  VEGF-C  in 
LAPC-9  tumors,  resulting  in  a  significantly  increased  density  of 
intratumoral  lymphatics  as  compared  to  LAPC-9  control  tumors,  (v) 
Overexpression  of  VEGF-C  in  LAPC-9  resulted  in  the  development 
of  lymph  node  and  lung  metastases.  (vi)  LAPC-4  and  LAPC-9  tumor 
cells  lacked  expression  of  VEGFR-3  thus  excluding  the  possibility 
of  autocrine  stimulation  by  VEGF-C  of  tumor  cell  invasiveness.  Col¬ 
lectively,  our  findings  indicate  that  VEGF-C-induced  tumor  lym¬ 
phangiogenesis  is  sufficient  to  cause  metastasis  regionally  (lymph 
nodes)  and  systemically  (lungs)  in  low-metastatic  prostate  cancer 
models.  Our  data  together  with  other  studies  suggest  a  central  role 
for  the  lymphatic  system  in  mediating  prostate  cancer  metastasis. 

Whether  the  prostate  cancer  metastasis  is  mediated  by  stimula¬ 
tion  of  intratumoral  or  peritumoral  lymphangiogenesis  or  simply 
by  activation  of  preexisting  peritumoral  lymphatics  may  however 
depend  on  the  particular  tumor  aggressiveness  and  its  microenvir¬ 
onment,  as  suggested  by  the  differing  observations  obtained  in  ex¬ 
perimental  as  well  as  in  clinical  studies.18,38-41  For  instance,  a 
recent  experimental  study  of  the  role  of  lymphangiogenesis  and 
VEGF-C  in  prostate  cancer  metastasis  suggested  that  peritumoral 
lymphatics,  but  not  intratumoral  lymphatics,  contributed  to  lymph 
metastasis  from  an  ortotopic  site.39  Theoretically,  tumors  develop¬ 
ing  in  situ  in  the  prostate  may  have  immediate  access  to  a  more 
elaborate  network  of  preexisting  large  lymphatics  than  tumors 


implanted  in  subcutaneous  locations.  Thus  it  is  possible  that  while 
the  former  may  achieve  access  to  the  lymphatic  network  by 
expressing  lymphangiogenic  growth  factors  that  act  to  enlarge  and 
dilate  preexisting  lymph  vessels,42  the  latter  may  depend  more  on 
genuine  stimulation  of  lymphangiogenesis,  either  in  the  tumor  pe¬ 
riphery  or  intratumor  ally,  to  establish  contact  with  the  lymphatic 
network  and  generate  lymphatic  metastasis. 

Evidently,  other  differences  related  to  the  tumor  or  its  micro¬ 
environment  may  also  contribute  to  the  regulation  of  lymphatic 
metastasis.  Particularly,  stromal  cell-  ( e.g .,  fibroblasts,  macro¬ 
phages  and  immune  cells)  and  extracellular  matrix-derived  factors 
in  the  tumor  microenvironment  may  all  contribute  to  tumor  lym¬ 
phangiogenesis,  by  producing  pro-lymphangiogenic  growth  fac¬ 
tors.  However,  we  found  that  the  levels  of  tumor-associated 
macrophages  were  not  significantly  different  between  LAPC-9 
control  and  LAPC-9/VEGF-C  tumors  (Fig.  4 /),  indicating  that  tu¬ 
mor  VEGF-C  production  and  lymphangiogenesis  was  mainly  due 
to  tumor  cell-derived  VEGF-C  in  this  model. 

Additionally,  the  precise  requirement  for  the  lymphatic  system 
during  dissemination  of  the  tumor  cells  after  they  reach  the  local 
lymph  nodes  remains  unclear,  although  several  lines  of  evidence 
seem  to  suggest  that  lymphangiogenesis  in  the  local  lymph  nodes 
may  also  play  an  important  role  during  tumor  metastasis 44 
Clearly,  further  studies  are  essential  to  determine  the  efficacy  and 
timing  of  administering  inhibitors  of  tumoral  lymphangiogenesis 
in  preventing  prostate  cancer  metastasis,  as  well  as  to  establish  to 
what  extent  these  treatments  will  be  efficient  to  block  intratumoral 
versus  peritumoral  lymphatic  vessel-mediated  tumor  metastasis. 

An  essential  component  to  evaluate  antimetastatic  therapies  is  to 
develop  animal  models,  in  which  the  process  of  tumor  growth  and 
metastasis  can  be  effectively  monitored.  Whereas  the  ortotopic 
model  has  the  great  advantage  of  being  a  better  model  of  the  clini¬ 
cal  situation,  the  subcutaneous  implantation  models  allow  for  more 
straightforward  surgical  manipulation  during  tumor  resection,  as 
necessitated  in  our  tumor  models  displaying  a  slow  rate  of  metasta¬ 
sis.  In  this  context  it  should  be  noted  that  surgical  intervention  car¬ 
ries  a  potential  risk  of  iatrogenic  tumor  cell  dissemination,  although 
we  consistently  only  have  observed  metastases  in  animals  carrying 
LAPC-4  or  LAPC9/VEGF-C  tumors,  and  not  in  LAPC-9  controls, 
after  tumor  removal  surgery.  In  our  study  we  show  that  optical  bio¬ 
luminescence  imaging  as  a  tool  to  follow  semiquantitatively  the  de¬ 
velopment  over  time  of  metastatic  lesions  in  mice  is  both  feasible 
and  informative.  Promisingly  for  the  clinic,  the  high  energy  positron 
emission  tomography  (PET)  modality  has  recently  been  applied 
successfully  for  noninvasive  imaging  of  lymph  node  trafficking  of 
lymphocytes,45  and  this  technique  may  thus,  in  the  future,  be 
applied  for  in  vivo  detection  of  metastases  in  humans. 

Taken  together,  these  molecular  imaging  approaches  should 
facilitate  further  prostate  cancer  studies  to  delineate  the  molecular 
steps  involved  in  stimulation  of  lymphangiogenesis  and  lymphatic 
metastasis.  An  improved  understanding  of  the  complex  regulation 
of  these  events  may  guide  the  development  and  evaluation  of 
novel  anti-lymphangiogenic  agents  in  suppressing  lymphatic  and 
distant  metastasis  in  prostate  cancer  patients. 
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Abstract 


Pelvic  lymph  node  metastasis  in  prostate  cancer  is  the  most  reliable  indicator  of 
poor  prognosis.  The  accurate  assessment  of  nodal  involvement  is  critical  to  planning 
treatment.  Yet,  there  is  a  shortage  of  non-invasive  imaging  techniques  capable  of 
visualizing  nodal  lesions  directly.  This  study  demonstrates  the  feasibility  of  using 
recombinant  human  adenoviral  vectors  to  detect  nodal  metastases  in  a  human  prostate 
cancer  model.  This  was  achieved  by  the  prostate-restricted  expression  of  imaging 
reporter  genes  by  the  viral  vector  coupled  with  the  innate  lymphotrophic  properties  of 
adenovirus.  The  prostate-specific  imaging  vector  produces  bioluminescent  or  Positron 
Emission  Tomography  (PET)  signals  that  correlates  with  the  presence  of  metastatic 
lesions  in  the  draining  lymph  nodes.  Peritumoral  injection  of  viral  particles  expressing 
herpes  simplex  virus  thymidine  kinase  resulted  in  the  detection  of  tumor  cells  in  the 
sentinel  lymph  nodes  by  PET.  Significantly,  this  approach  parallels  the  current 
lymphoscintigraphy  method  but  enables  the  direct  PET  visualization  of  sentinel  lymph 
node  metastases,  eliminating  the  need  for  invasive  lymphadenectomy.  These  findings 
may  lead  to  more  effective  diagnostic  and  therapeutic  strategies  for  patients  with 
advanced  stage  prostate  cancer. 
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Introduction 


The  pathological  findings  of  aggressive  prostate  cancer  has  been  well  documented 
in  a  large  series  of  patients  having  undergone  prostatectomy  ’  .  Among  the  adverse 
pathologic  features,  the  presence  of  pelvic  lymph  node  metastasis  is  the  strongest 
predictor  of  disease  recurrence  and  progression3,4.  For  instance,  the  10-year  progression 
free  survival  probabilities  were  79%  for  organ  confined  disease,  53%  for  disease  with 
extra-prostatic  extension,  and  only  12%  for  disease  with  lymph  node  metastases1. 
Therefore,  methods  to  accurately  detect  lymph  node  metastasis  in  the  early  stages  of 
prostate  cancer  would  be  very  helpful  for  tumor  staging  and  in  formulating  the  most 
appropriate  treatment. 

Despite  the  importance  of  lymph  node  status  on  clinical  management  of  prostate 
cancer,  current  methods  to  assess  pelvic  lymph  nodes  are  suboptimal.  At  the  present 
time,  accurate  lymph  node  staging  can  only  be  determined  by  pelvic  lymphadenectomy5. 
Potential  complications  of  this  procedure  include  lymphoceles,  lymphedema,  venous 
thrombosis  and  pulmonary  embolism,  with  an  estimated  incidence  of  20%6,7. 
Conventional  imaging  modalities  such  as  computed  tomography  (CT)  and  magnetic 
resonance  imaging  (MRI)  are  useful  in  evaluating  anatomical  abnormalities,  however, 
neither  technology  can  differentiate  between  adenopathy  related  to  inflammation  or  that 
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caused  by  deposition  of  malignant  cells  without  coupled  percutaneous  biopsy  '  .  Thus, 
because  of  low  specificity,  CT  and  MRI  are  of  limited  value  in  deciding  therapeutic 
strategies  ’  .  Recently,  a  novel  iron  oxide  paramagnetic  nanoparticle  was  developed  as  a 
MRI  contrast  agent  capable  of  identifying  tumor-infiltrated  lymph  nodes  in  prostate 
cancer  patients11.  However,  this  technology  does  not  identify  the  presence  of  tumor  cells 


3 


directly,  rather  it  relies  upon  nodal  infiltration  of  macrophages  that  have  engulfed  the 
magnetic  particles.  Nodal  regions  occupied  by  metastatic  lesions  would  be  inaccessible 
to  macrophages  and  reflected  as  regions  devoid  of  signal. 

Advancements  in  mapping  the  lymphatic  drainage  of  tumor  have  come  mainly 
from  the  melanoma  and  breast  cancer  field,  where  determining  the  sentinel  lymph  node 
(SLN)  status  is  the  standard  of  care12,13.  The  current  method  of  intraoperative 
lymphoscintigraphy  entails  the  use  of  a  gamma  camera  to  monitor  the  transit  of  a  "mTc- 
filtered  sulfur  colloid  particle  from  the  peritumoral  injection  site  into  the  first  draining 
lymph  node  (SLN),  which  is  then  harvested  for  histopathological  examination14.  The  size 
and  surface  properties  of  colloidal  particles  are  key  determinants  of  a  favorable 
lymphangiographic  imaging  agent14’15.  The  current  colloids  range  in  size  from  50  to  200 
nm14.  Studies  have  implicated  the  ability  of  human  adenoviral  particles  (serotype  5)  to  be 
effectively  transported  into  the  lymphatic  circulation16'18.  Adenovirus’s  size  of 
approximately  lOOnm  and  its  negatively  charged  capsid  likely  favor  its  entry  into  the 
lymphatics. 

We  have  developed  several  prostate-specific  adenoviral  vectors  that  express 
imaging  reporter  genes  under  the  control  of  a  highly  amplified  prostate-specific  PSA 
promoter  system  (TSTA)19,20.  In  the  current  study  we  investigated  whether  the 
adenovirus  containing  the  TSTA  imaging  reporter  could  directly  detect  metastasis  in 
regional  lymph  nodes.  We  demonstrate  that  adenoviral  vectors  effectively  function  as 
lymphotropic  agents  and  are  transported  to  regional  lymph  nodes  to  mediate  gene  transfer 
into  the  metastatic  prostate  cancer  cells.  Hence,  following  peritumoral  injection  of  the 
prostate-specific  vector  that  expresses  the  PET  reporter  gene,  herpes  thymidine  kinase 
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(sr39tk)  ,  we  observed  PET  signals  only  in  SLNs  containing  metastases. 
prostate-specific  gene  expression  imaging  modality  may  be  very  helpful 
improving  the  clinical  management  of  advanced  stage  prostate  cancer. 


Such  a 
towards 
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Results 


Adenovirus  traffics  via  lymphatics  to  regional  lymph  nodes.  The  most  definitive 
function  of  lymphatics  is  to  collect  fluid  and  macromolecules  from  interstitial  spaces  and 
transport  them  to  regional  lymph  nodes.  As  described  extensively  in  the  rat,  injection  of 
colloids  or  dyes  into  the  lymphatic-rich  front  footpad  results  in  accumulation  in  the 
ipsilateral  brachial  and  axillary  nodes.  To  verify  that  adenovirus  also  traverse  through  the 
lymphatics  via  the  same  route,  fluorescent-tagged  adenoviral  vector  was  injected  in  the 
same  manner.  After  24  hours  the  red  fluorescent  virus  was  detected  by 
immunohistochemistry  of  the  brachial  (Fig.  la)  and  axillary  lymph  nodes.  The  number 
of  viral  genomes  transported  to  and  retained  in  regional  nodes  in  the  axilla  by  the  paw- 
directed  injection  averaged  about  60,000  copies  (Fig.  lb).  Based  on  the  injected  dose  of 
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1x10  infectious  units,  the  estimated  efficiency  of  viral  delivery  was  less  than  0.1%.  The 
delivery  to  the  axillary  node  is  about  half  the  level  of  the  brachial  node,  and  no 
adenoviral  DNA  was  detected  in  the  contralateral  lymph  nodes  within  39-cycles  of  PCR. 
We  next  investigated  whether  the  virus  was  transported  to  the  lymph  nodes  as  free 
infectious  viral  particle.  After  the  adenovirus  (AdTSTA-fl,  Fig.  3a)  was  injected  into  the 
right  forepaw,  the  draining  lymph  nodes  in  the  ipsilateral  and  contralateral  axilla  were 
isolated  and  gently  disrupted  to  harvest  the  free  virus.  The  lymph  node  supernatants  were 
applied  to  transduce  LNCaP  prostate  cancer  cells.  In  concordance  with  the  PCR 
distribution  data  (Fig.  lb),  transduction  activity  (luciferase  bioluminescence)  was  present 
in  the  ipsilateral  brachial  and  axillary  lymph  node  compared  to  uninfected  control  cells 
(Fig.  lc). 
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To  explore  the  feasibility  of  the  adenoviral  lymphatic  mapping  approach  in 
cancerous  prostate  glands,  we  examined  whether  virus  could  effectively  drain  to  regional 
lymph  nodes  in  the  murine  prostate  Pten  knockout  model22.  This  Pten(-/-)  model 
effectively  recapitulates  the  clinical  characteristics  of  prostate  cancer  progression,  from 
preneoplastic  lesions  to  frank  carcinoma,  ultimately  culminating  in  invasive  and 
metastatic  disease22.  The  carcinomatous  prostate  glands  from  10  weeks  old  Pten(-/-) 
mice  are  enlarged  compared  to  those  from  wildtype  littermate  (fig.  Id).  At  this  stage,  the 
Pten  null  model  displays  large  lymphatics  within  stromal  regions  between  cancerous 
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ductiles  (fig.  le).  One  hour  after  the  injection  of  1x10  infectious  units  of  AdTSTA-fl 
into  each  of  the  dorsolateral  lobe  of  Pten  (-/-)  mice,  the  accumulation  of  virus  within 
regional  lymph  nodes  was  observed  (fig.  If,  g).  Approximately  lxl 06  adenovirus 
genomes  were  detected  by  real  time  PCR  in  the  periaortic  (PA)  lumbar  lymph  nodes, 
while  lesser  amount  of  virus  was  detected  in  more  distant  peritoneal  lymph  nodes  of  the 
mesenteric  (MES)  and  renal  lymph  nodes  (RLR,  right  and  RLL,  left,  fig  lg).  Collectively 
the  data  demonstrate  that  adenovirus  can  function  as  a  lymphotropic  agent  while  retaining 
gene  transfer  activity  within  the  targeted  lymph  nodes. 

We  surmised  that  macrophages  would  not  be  an  effective  cellular  vehicle  for  the 
adenoviral  vectors  as  the  infectivity  of  murine  macrophage/monocyte  cell  lines  is  more 
than  10,000  times  lower  than  in  a  prostate  carcinoma  cell  line  (supplementary  Fig  la). 
Further,  extensive  in  vivo  applications  have  demonstrated  the  selective  nature  of  TSTA 
imaging  reporter  vectors  to  express  in  AR/PSA-positive  prostate  cells  and  to  exclude 
expression  in  cells  of  other  tissue  origin,  such  as  macrophages  and  hepatocytes19"21,23'25 
(supplementary  Fig.  lb,  lc).  Moreover,  TSTA  vector  mediated  transgene  (red 
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fluorescent  protein)  expression  was  observed  only  in  tumor  cells  and  not  in  the  associated 
F4/80+  macrophages  (supplementary  Fig.  lb). 

Lymph  node  metastasis  model  of  prostate  cancer.  Our  recent  findings  demonstrated 
that  lymphangiogenic  growth  factor  VEGF-C  plays  an  important  role  in  promoting 
lymphatic  metastasis  in  prostate  cancer  xenograft  models26.  Based  on  our  experience,  the 
androgen-dependent,  AR/PSA-positive  LAPC-9  xenograft  model27  is  an  excellent  model 
for  this  study  because,  upon  induced  expression  of  YEGF-C  (LAPC-9/VEGF-C/GFP), 
these  cells  exhibit  consistent  lymphatic  metastasis  when  implanted  at  the  subcutaneous 
(Fig.  2)  or  orthotopic  site  (Fig.  5).  The  tumor  cells,  transduced  with  a  lentivirus  encoding 
renilla  luciferase  (RL)  as  a  reporter  gene  (LAPC-9/VEGF-C/GFP/RL),  enable  non- 
invasive  bioluminescence  imaging  of  tumor  growth  (Fig.  2a)  and  sensitive  quantification 
of  nodal  metastatic  lesions  (Fig.  2b,  c).  We  also  found  that  the  volume  of  nodal 
infiltration  can  be  adjusted  with  resection  of  the  primary  tumor  (Fig.  2a,  d,  e).  Without 
primary  tumor  resection,  micrometastases  in  the  brachial  or  axillary  node  were 
consistently  observed  when  the  tumors  reached  about  1cm  in  diameter  at  3-4  weeks  post 
implantation  (Fig.  2a,  b).  However,  if  the  primary  tumors  were  surgically  resected  and 
disseminated  lesions  were  allowed  to  grow  for  an  additional  30-40  days,  then  large 
macroscopic  metastatic  lesions  developed;  ultimately  infiltrating  the  entire  lymph  node 
(Fig  2d,  e).  This  expansion  of  the  nodal  metastases  can  then  be  monitored  in  resected 
mice  bearing  macroscopic  lymph  node  lesions  using  repetitive  radionuclide  PET  with 
(18)F-3'-fluoro-3'-deoxy-L-thymidine  (18F-FLT,  Fig.  2d).  For  example,  the  progression 
of  the  highly  aggressive  prostate  carcinoma  model  CWR22Rv-l /VEGF-C,  can  be 
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observed  by  weekly  PET  imaging  of  F-FLT  following  primary  tumor  resection 
(supplementary  video  1).  We  found  that  utilization  of  bioluminescence  and  PET 
imaging  facilitates  the  accurate  assessment  of  metastatic  progression.  However, 
metabolic  PET  imaging  with  18F-FLT  or  18F-FDG  is  insensitive  for  the  LAPC-9  and 
CWR22Rv-l  human  prostate  tumor  model. 

Detecting  macro-metastasis  in  brachial  and  axillary  lymph  nodes.  Despite  the  above 
noted  inefficient  level  of  vector  delivery  to  the  axillary  lymph  nodes  by  the  paw-directed 
injection,  we  selected  this  method  to  demonstrate  the  principle  of  our  approach  for  the 
following  reasons.  Firstly,  the  paw-directed  administrations  consistently  drained  to 
brachial  and  axillary  nodes  (Fig.  1),  which  were  the  precise  dissemination  sites  of  the 
subcutaneous  prostate  tumors  implanted  in  the  upper  back.  Secondly,  the  forepaw  is  at  a 
sufficient  distance  from  the  target  tissue  to  ensure  a  lymphatic  route  of  vector  distribution 
and  to  rule  out  random  diffusion  to  the  regional  target.  Thirdly,  there  could  be  accurate 
differentiation  between  luminescent  signal  emitted  from  the  injection  site  and  that 
emitted  from  the  targeted  lymph  node  metastasis.  To  visualize  the  nodal  metastasis  by 
non-invasive  imaging,  we  employed  an  adenoviral  vector  capable  of  expressing  imaging 
reporter  gene  at  a  robust  level  and  in  a  prostate-specific  manner19,20  (Fig.  3a).  The 
specificity  of  AdTSTA-fl  was  retained  in  the  paw-directed  injection  as  compared  to  a 
constitutive  CMY  promoter  driven  vector  (supplementary  Fig.  lc).  The  observed  paw 
signals  could  be  attributed  to  the  great  magnitude  of  extravasated  vector  that  remained  at 
the  injection  site.  We  tested  the  diagnostic  capabilities  of  prostate-specific  imaging 
vectors  by  bioluminescence  imaging  (Fig.  3b)  and  PET  (Fig.  3c)  in  mice  expected  to  bear 


9 


macroscopic  nodal  lesions  (at  30  days  post  resection  of  primary  LAPC-9/VEGF- 
C/GFP/RL  tumor  in  the  right  upper  back).  Following  paw-directed  administration  of 
AdTSTA-fl  (lxlO7  pfu),  distinct  optical  signal  was  detected  in  the  axillary  region  of 
tumor-bearing  mice  but  not  in  control  animals  (Fig.  3b).  Considering  that  specific  and 
precise  3-D  localization  of  nodal  metastasis  will  be  of  great  clinical  utility,  we  assessed 
the  utility  of  a  prostate-specific  TSTA  PET  reporter  vector  (AdTSTA-sr39tk)21  in 
conjunction  with  its  tracer  9-(4-[18F]-fhioro-3-hydroxymethylbutyl)  guanine  (18F-FHBG) 
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for  detection  of  nodal  metastasis.  Interestingly,  injecting  2x10  pfu  of  AdTSTA-sr39tk 
into  both  ipsilateral  and  contralateral  forepaw  of  mice  bearing  palpable  lymph  node 
lesions  produced  a  positive  signal  in  the  ipsilateral  but  not  contralateral  axilla  (Fig.  3c). 
The  presence  of  disseminated  prostate  tumor  cells  in  the  ipsilateral  brachial  lymph  node 
of  this  animal  was  confirmed  ex  vivo  by  the  node’s  enlarged  size,  its  GFP  fluorescent 
signal,  as  well  as  by  histological  identification  of  extensive  tumor  cell  infiltration  (Fig. 
3d,  e).  The  maximum  diameter  of  the  ipsilateral  lymph  node  was  determined  to  be  2.54- 
mm,  which  was  approximately  2-3  fold  larger  than  the  nonmetastatic  contralateral  lymph 
node.  Tumor  cell  localized  expression  of  sr39tk  was  verified  in  the  respective  lymph 
nodes  by  staining  with  a  polyclonal  antibody  generated  against  HSY-thymidine  kinase 
(Fig.  3e). 

Direct  detection  of  occult  lymph  node  metastases.  Having  demonstrated  the  ability  to 
detect  macroscopic  nodal  lesions,  we  proceeded  to  determine  the  ability  of  our  gene 
expression  vector  to  detect  microscopic  metastases.  A  cohort  of  12  mice  bearing  LAPC- 
9/VEGF-C/GFP/RL  tumors  of  1-cm  diameter  on  the  right  upper  back  was  divided  into 
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two  subgroups  that  received  either  1x10  or  1x10  pfu  of  AdTSTA-fl  in  both  paws  (Fig. 
4a,  b).  A  specific  signal  was  generated  in  the  ipsilateral  axilla  of  mice  that  received  the 
higher  dose  of  vector.  Conversely,  insignificant  background  signal  was  displayed  in  both 
ipsilateral  and  contralateral  side  of  the  animals  injected  with  the  lower  vector  dosage  (Fig 
4b).  This  finding  suggests  that  lxlO7  infectious  units  of  virus  are  insufficient  to  produce 
an  optical  signal  to  visualize  the  occult  metastasis. 

We  next  investigated  delivering  the  AdTSTA-sr39tk  PET  vector  in  a  manner 
emulating  the  current  clinical  method  of  lymphoscintigraphy  .  Following  injection 
around  the  subcutaneous  LA  PC-9/ V  EG  F-C'/G  F  P/RL  tumor,  the  viral  particles  would  be 
expected  to  drain  to  the  SLN  and  mediate  gene  transfer  and  expression  in  metastatic 
prostate  tumor  cells.  Indeed  by  this  methodology,  robust  F-FHBG  PET  signals  were 
detected  in  the  tumor  (injection  site),  as  well  as  the  regional  draining  axillary  lymph  node 
(Fig.  4c).  The  PET  signal  of  the  tumor  and  the  anterior  axillary  node  can  be  clearly 
distinguished  by  detailed  sagittal  and  transverse  tomographic  views  (Fig.  4c)  and  a  3-D 
rendered  digital  movie  (supplementary  video  2).  Immediately  following  the  PET/CT 
scan,  ipsilateral  and  contralateral  lymph  nodes  were  removed  and  radioactivity  was 
measured  using  a  scintillation  counter.  The  findings  from  the  above  representative  case 
(animal  Ml)  are  shown  (Fig.  4d).  Comparison  of  ex  vivo  radioactive  signals  revealed  at 
least  2-fold  higher  counts  per  minute/gram  tissue  (CPM/g)  in  the  ipsilateral  over  the 
contralateral  nodes.  Moreover,  the  elevated  radioactive  tracer  activity  also  correlated 
with  the  presence  of  tumor  cells  in  the  ipsilateral  axillary  node  as  verified  by  the 
detectable  RL  activity  (Fig.  4d).  The  quantification  of  PET  signals  in  all  three  mice 
showed  increased  tracer  uptake  in  the  ipsilateral  axillary  region  (ROI)  over  the 
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contralateral  side  (Fig.  4e).  Ex  vivo  bioluminescence  signals  (RL)  of  the  isolated  lymph 
nodes  again  confirmed  the  presence  of  disseminated  tumor  cells  in  all  3  animals 
examined  (Fig.  4f).  Taken  collectively,  this  tumor-directed  vector  delivery  method 
appeared  to  reach  the  SLN  efficiently,  reinforcing  the  potential  of  adenovirus  to  serve  as 
a  lymphotropic  agent  to  identify  the  presence  of  sentinel  lymph  node  metastasis. 

Detection  of  periaortic  lymph  node  metastasis  in  an  orthotopic  prostate  xenograft 
model.  The  potential  for  TSTA  adenoviral  vector  to  detect  pelvic  lymph  node  metastasis 
was  assessed  in  orthotopic  implanted  LAPC-9/VEGF-C/GFP/RL.  Each  lobe  of  a 
surgically  exposed  prostate  was  injected  with  2.5x1 05  tumor  cells.  The  tumors  display  an 
extensive  network  of  peritumoral  lymphatics  extending  into  the  margin  of  the  tumor  (Fig. 
5a).  Interestingly,  orthotopic  implanted  tumors  derived  from  the  original  LAPC-9  and 
CWR22Rv-l  prostate  cells,  without  forced  VEGF-C  expression,  also  display  extensive 
peritumoral  lymphatics  (supplementary  Fig.  2).  However,  the  incidence  of  lymphatic 
metastasis  in  these  models  in  less  predictable  than  the  LAPC-9/VEGF-C  model. 
Therefore  we  utilized  YEGF-C  over-expression  model  to  facilitate  detection  of 
metastasis. 

O 

Fifteen  days  following  tumor  implantation,  mice  were  injected  with  1x10  pfu 
AdTSTA-fl  in  each  footpad  to  query  lymph  nodes  involved  in  prostate  cancer  metastasis 
(i.e.  inguinal,  iliac,  and  lumbar)  .  Imaging  of  the  whole  animal  revealed  prominent 
renilla  luciferase  signal  emanating  from  the  orthotopic  tumor  (Fig.  5b).  Vector  directed 
firefly  luciferase  signals  could  identify  the  superficial  inguinal  nodes.  The  deeper  pelvic 
nodes,  the  likely  sites  of  lymphatic  dissemination  from  the  prostate  gland,  were  difficult 
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to  detect  in  the  living  animal  due  the  photon  scattering  limitations  of  optical 
bioluminescence  imaging.  When  the  pelvic  lymph  nodes  were  harvested  and  imaged  ex 
vivo,  the  periaortic  lumbar  lymph  node  from  the  same  animal  showed  considerably 
higher  firefly  luciferase  signal  than  the  inguinal  nodes  (Fig.  5c).  Histological 
examination  of  the  periaortic  node  revealed  a  focus  of  subcapsular  metastasis  (Fig.  5d). 
As  expected,  this  lesion  expressed  human  cytokeratin.  By  sectioning  through  the  entire 
lymph  node,  the  maximum  diameter  of  the  lesion  was  determined  to  be  -250  pm.  Since 
the  lesion  was  observed  in  20  consecutive  5 -pm  transverse  sections,  the  smaller  diameter 
of  the  lesion  is  less  than  100-pm.  Approximately  400  tumor  cell  nuclei  were  scored  for 
the  represented  section  in  the  largest  area  of  the  lesion.  If  we  assume  a  cell  is  10  pm 
thick,  then  a  conservative  estimate  of  the  maximal  number  of  tumor  cells  in  the  lesion  is 
4000. 
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Discussion 


The  status  of  LN  metastasis  is  crucial  for  prostate  cancer  staging  and  treatment 
planning.  However,  the  current  procedures  for  acquiring  this  information  are  imprecise 
and  can  result  in  adverse  side  effects.  A  one-step,  non-invasive  imaging  technology  that 
could  specifically  visualize  SLN  metastasis  while  further  offering  the  potential  of  gene 
therapy  mediated  eradication,  would  be  of  great  value  to  the  field.  In  the  current  study, 
we  demonstrated  the  direct  mapping  of  nodal  metastases  by  a  prostate-specific  gene 
expression  imaging  technology.  In  this  approach,  a  recombinant  replication-defective 
adenovirus  served  as  the  vehicle  to  deliver  the  imaging  reporter  gene  to  the  tumor  cells.  A 
critical  component  of  this  approach  is  the  ability  of  adenoviral  particle  to  function  as  a 
lymphotropic  agent.  We  demonstrated  that  the  viral  vector  is  transported  effectively  as  a 
free  and  infectious  virus  while  retaining  the  ability  to  transduce  resident  tumor  cells  in  the 
draining  lymph  nodes  and  produce  detectable  reporter  gene  expression  in  a  prostate- 
restricted  manner.  Both  large  macroscopic  and  occult  nodal  lesions  from  subcutaneous 
and  intra-prostatic  tumor  models  can  be  visualized  by  this  vector-mediated  imaging 
approach.  We  surmised  that  it  is  the  robust,  yet  prostate-selective  expression  capability 
of  the  amplified  TSTA  vector  that  enables  the  direct  imaging  of  the  nodal  metastases19' 

21  24 

’  .  In  one  application,  tumor-directed  administration  of  the  PET  reporter  vector 
(AdTSTA-sr39tk)  produced  specific  18F-FHBG  PET  signals  in  the  involved  SLNs.  To 
our  knowledge  this  is  the  first  report  of  exploiting  the  lymphotropic  and  the  selective 
gene  expression  capability  of  adenoviral  particles  to  non-invasively  detect  nodal 
metastases  using  the  clinically  relevant  modality  of  functional  PET  imaging. 
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Extensive  studies  demonstrate  that  intravenous  administration  of  adenoviral 


vectors  results  in  substantial  sequestration  in  the  liver  and  reticuloendothelial  system16,30. 
This  biodistribution  pattern  points  to  the  ineffectiveness  of  adenovirus  to  target  lymphatic 
circulation  following  systemic  administration.  On  the  other  hand,  besides  the  supportive 
data  from  this  study,  historical  evidence  indicates  an  innate  affinity  of  adenovirus  for  the 
lymphatic  system.  Adenovirus  can  produce  persistent  infections  in  lymphoid  organs  such 
as  the  adenoid,  from  which  the  first  adenovirus  was  isolated31.  An  additional  advantage 
of  adenoviral  vector  mediated  gene  transfer  approach  is  the  prospect  of  inducing 
tumoricidal  activity.  For  example,  in  addition  to  functioning  as  a  PET  reporter  gene,  the 
sr39tk  reporter  gene  also  acts  as  a  suicide  gene  in  the  presence  of  the  prodrug 
ganciclovir  .  In  fact,  we  have  previously  employed  the  dual  PET  imaging  and 
therapeutic  function  of  AdTSTA-sr39tk  to  treat  prostate  tumors  .  It  is  also  important  to 
note  that  a  wide  range  of  tissue-  and  tumor-specific  promoters  have  been  successfully 
incorporated  in  adenoviral  vectors  to  target  selective  types  of  cancer17,33.  With  this  issue 
in  mind,  we  recently  developed  a  TSTA  vector  driven  by  the  tumor-selective  Mucin- 1 
promoter  and  showed  its  feasibility  in  detecting  SLN  metastasis  in  an  orthotopic  breast 
tumor  model.  Hence,  the  adenoviral  lymphangiographic  imaging  technology  described 
in  this  study  could  be  readily  applied  in  other  types  of  tumors.  This  could  be  particularly 
useful  in  melanoma  and  breast  cancer  where  determination  of  SLN  status  is  a  critical 
component  of  clinical  treatment  decisions. 

Several  similarities  and  differences  exist  between  the  technology  reported  here 
and  the  novel  LMRI  technology  mentioned  previously11,34.  Both  technologies  employ 
particle-based  approach  to  query  and  visualize  nodal  infdtration  non-invasively.  One  of 
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the  most  attractive  aspects  of  LMRI  is  its  confirmed  diagnostic  capacity  to  accurately 
assess  lymph  node  status  after  intravenous  administration  in  patients.  The  proposed 
mechanism  of  action  for  the  superparamagnetic  iron  oxide  nanoparticles  entails  their 
internalization  by  macrophages,  which  traffic  to  lymph  nodes  and  registered  the  changes 
in  the  nodal  environment.  Nevertheless,  as  with  all  indirect  methods  used  to  assess  lymph 
node  metastasis,  there  remains  the  possibility  that  disease  states  could  interfere  with 
proper  assessment  of  nodal  status.  By  utilizing  tumor  specific  expression,  the  described 
adenovirus  mediated  technique  enables  the  direct  detection  and  visualization  of  lymph 
node  metastases. 

While  the  issues  regarding  sensitivity  in  our  system  remains  to  be  fully 
elucidated,  the  results  presented  (Fig.  3c)  suggest  there  is  the  possibility  of  non-invasive 
PET  visualization  of  metastases.  Application  of  AdTSTA-sr39tk  was  able  to  accurately 
detect  lymph  node  metastasis  in  a  mouse  bearing  2.5-mm  lymph  node  lesions.  Currently, 
the  clinical  LMRI  method  is  capable  of  detection  of  lesions  about  5-  to  10-mm  in 
diameter11.  Furthermore,  the  results  of  tumor  directed  AdTSTA-sr39tk  administration 
(Fig.  4c)  suggests  that  this  technology  has  the  potential  to  directly  image  histologically 
occult  metastases.  At  this  juncture,  we  are  actively  pursuing  multi-modal  imaging 
strategies  to  further  evaluate  the  potential  of  our  targeting  technology. 

Recent  studies  by  our  group  and  others  suggested  that  lymphatic  dissemination 
also  promotes  subsequent  systemic  metastasis  in  experimental  models  ’  ’  ’  .  Clinical 
experience  suggests  that  meticulous  pelvic  lymph  node  resection  not  only  provides 
diagnostic  information  but  also  has  a  positive  impact  on  prolonging  disease-free 
survival38.  Collectively,  these  findings  highlight  the  necessity  for  accurate  non-invasive 
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detection  of  lymph  node  metastasis.  The  current  cell-specific  gene  expression  technology 
demonstrates  the  promising  capability  to  improve  the  specificity  of  diagnostic  imaging  of 
nodal  metastasis  of  prostate  cancer.  Moreover,  coupling  detection  and  suicide-gene 
therapy  would  enable  not  only  the  accurate  assessment  of  lymph  node  status,  but  also  the 
prospect  of  preventing  metastatic  outgrowth  and  systemic  spread.  Therefore,  this  study  is 
of  utmost  clinical  relevance  and  is  expected  to  have  significant  influence  on  the 
development  of  novel  diagnostic  and  therapeutic  options  for  prostate  cancer  patients. 
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Methods 


Adenoviral  Constructs.  The  construction  of  AdTSTA-fl,  AdCMV-fl,  and  AdTSTA- 
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sr39tk  has  been  described  previously  ’  ’  .  Virus  was  grown  in  293  cells  and  purified 
using  cesium  chloride  gradient  and  titered  by  plaque  forming  assay  on  293  monolayer 
cells.  AdTSTA-fl  was  labeled  with  succinimidyl  esters  amine-reactive  Alexa  Fluor  555 
(AF555)  fluorescent  dye  (Molecular  Probes,  Carlsbad,  CA)  according  to  manufacturers 
recommendations.  Briefly,  1  ml  of  virus  (titer  =  lxl010pfu/ml)  was  mixed  with  0.1ml  of 
1  M  sodium  bicarbonate  buffer  and  dialyzed  in  PBS  for  1  hr  at  room  temperature. 
Reactive  dye  solution  was  then  added  slowly  to  the  virus  while  stirring  and  the  reaction 
was  incubated  for  1  hour  at  room  temperature  with  continuous  stirring.  The  reaction  was 
dialyzed  again  in  sodium  bicarbonate  buffer  twice  for  1  hour  each,  and  the  final  dialysis 
overnight  at  4°C  to  separate  the  conjugate  from  labeling  reagent.  The  resulting  virus 
was  termed  AF555/AdTSTA-fl.  All  adenovirus  was  stored  at  -80°C  prior  to  use. 

Detection  of  fluorescent  viral  particles  in  lymph  nodes.  Mice  were  injected  with 
AF555/AdTSTA-fl  virus  (lxlO7  pfu/lOpl)  in  the  forepaw.  After  24  hours,  axillary  and 
brachial  lymph  nodes  were  harvested  and  4pm  frozen  sections  were  mounted  on  glass 
slides.  After  a  brief  fixation  with  ice-cold  methanol,  sections  were  stained  with  DAPI 
(Molecular  Probes,  Carlsbad,  CA)  and  examined  for  the  presence  of  viral  particles  using 
a  Carl  Zeiss  LSM  310  Laser  Scanning  Confocal  microscope  at  lOOx  magnification. 

Intra-prostatic  adenovirus  administration.  The  progression  of  prostate  cancer  in  the 
Pten(-/-)  prostate  cancer  mouse  model  has  been  extensively  characterized  and 
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described  .  The  prostate  of  ten-week  old  Pten  (-/-)  mice  was  exposed  by  making  a  small 
abdominal  incision  and  gently  exposing  the  seminal  vesicles.  The  enlarged  dorsolateral 
prostate  was  injected  with  lxlO8  pfu/lobe  of  AdTSTA-TF  followed  by  rapid  suturing  of 
the  surgical  incision.  After  one  hour  mice  were  sacrificed  and  regional  periaortic,  renal, 
and  mesenteric  lymph  nodes  were  dissected. 

Isolation  of  virus  particles  from  lymph  nodes  and  infectivity  assay.  Mice  (n=3)  were 
injected  in  the  forepaw  with  lxlO8  pfu  AdTSTA-fl  (20pl  in  PBS).  Ipsilateral  and 
contralateral  lymph  nodes  were  dissected  and  placed  in  microcentrifuge  tubes  with  250pl 
of  RPMI  medium  without  serum.  Nodal  capsules  were  disrupted  by  gentle  agitation 
with  a  micro-pestle  (Research  Products  International  Corp,  Mt.  Prospect,  Illinois) 
followed  by  brief  vortex  and  centrifugation  at  5,000  RPM  for  5  minutes.  Supernatants 
were  removed  and  applied  to  infect  lxlO5  LNCaP  cells/well  growing  in  a  24-well  plate. 
After  4-days  the  cells  were  lysed  and  luminescence  (firefly  luciferase-mediated)  was 
detected  using  in  vitro  bioluminescence  assay  according  to  manufacturers  recommended 
protocol  (Promega).  Total  protein  was  measured  from  the  whole  cell  lysate  using 
Coomassie  Plus®  protein  assay  (Pierce). 

Real  Time  PCR.  Mice  (n=3)  were  injected  in  the  forepaw  with  lxlO8  pfu  AdTSTA-fl  or 
dorsolateral  prostate  as  described  above.  Ipsilateral  and  contralateral  lymph  nodes  were 
harvested  and  total  DNA  was  extracted  using  column  purification  procedure  according  to 
manufacturer  suggest  protocol  (Dneasy  Kit,  Qiagen).  DNA  was  also  extracted  from 
purified  adenovirus  (lxlO8  pfu)  in  the  same  manner  in  order  to  generate  a  standard  curve 
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for  accurate  quantitation.  Exactly  2pl  of  each  sample  or  standard  was  amplified  in 
triplicate  using  primers  specific  for  the  E2  region  of  adenovirus  backbone  DNA16. 
Reactions  were  run  on  an  Opticon  Monitor  2  real  time  PCR  machine  (MJ 
Research/Biorad,  Waltham,  MA)  according  to  the  following  cycling  conditions:  39  cycles 
of  95°C/15s,  60°C/30s  and  72°C/30s.  Samples  were  quantified  based  on  the  values  of  the 
standard  curve. 

Xenograft  model  of  lymph  node  metastasis.  LAPC-9  xenograft  was  maintained  by 
serial  passage  in  SCID/NK"  '  mice  (Taconic).  The  lentiviral  vectors  pCCL-VEGFC- 
IRES-GFP  and  pCCL-RL  (Renilla  luciferase)  have  been  previously  described  .  Briefly, 
freshly  dissected  (1-cm  )  LAPC-9  tumors  were  processed  into  single  cell  suspension  and 
transduced  with  lentiviral  vectors  at  multiplicity  of  infection  (MOI)  of  1  in  Iscove’s 
modified  medium  (IMEM)  containing  8pg/ml  polybrene21.  LAPC9/VEGF-C  cells 
(lxlO6)  were  implanted  with  together  matrigel  on  the  right  shoulder  region  of  SCID/NK7' 
mice  near  the  midline.  Tumors  were  allowed  to  reach  the  ethical  limit  of  1.5  cm  in 
diameter,  at  which  point  either  tumor  resection  or  animal  euthanasia  was  performed. 
Metastasis,  post  tumor  resection,  was  monitored  for  up  to  an  additional  40  days  using 

1  O 

palpation,  optical  imaging  of  RL  activity,  and  FLT  PET  imaging.  For  the  orthotopic 
model,  2.5  xlO5  LAPC9/VEGFC/GFP/RL  cells/lobe  were  injected  with  matrigel  into 
each  dorsolateral  lobe  of  surgically  exposed  prostates.  Tumor  growth  was  monitored  by 
palpation  and  optical  imaging  of  renilla  luciferase  activity. 
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Animal  experiments  using  optical  imaging.  Mice  were  injected  subcutaneously  in  the 
forepaw  or  hind  paw  with  20 pi  of  adenovirus  in  PBS.  Following  injection  the  paws  were 
gently  massaged  for  5  minutes  to  stimulate  lymphatic  uptake.  Mice  were  imaged 
optically  for  firefly  luciferase  activity  at  4  days  following  virus  administration.  Briefly, 
mice  were  injected  with  D-luciferin  (150mg/kg  i.p.)  and  imaged  with  the  bioluminescent 
imager  (IVIS  100;  Xenogen,  Alameda,  CA)  after  a  20-minute  incubation.  Data  was 
analyzed  using  IGOR-PRO  Living  Image®  software  as  described  previously23. 

Animal  experiments  using  PET  imaging.  Mice  (n=3)  with  macroscopic  lymph  node 

O 

metastases  were  injected  in  the  forepaw  with  AdTSTA-sr39tk  (2x10  pfu).  Mice  (n=3) 

O 

receiving  peritumoral  administration  of  AdTSTA-sr39tk  were  injected  with  1x10  pfu 
(30pl)  every  day  for  five  days.  Six  days  after  the  first  or  only  injection  of  AdTSTA- 
sr39tk  animals  were  PET  imaged  as  described  previously24.  Briefly,  animals  were 
injected  with  a  single  bolus  (~250pCi)  of  18F-FHBG  or  18F-FLT  intravenously  in  the  tail. 
One  hour  after  tracer  injection,  mice  were  scanned  for  10  min  in  a  Focus  220  micro-PET 
scanner  (Siemens  Preclinical  Solutions,  Knoxsville,  TN).  PET  images  were  created  by 
filtered  back  projection  at  0.4mm  pixel  size  with  0.8  mm  slice  thickness.  Mice  were  then 
transferred  to  a  micro-CT  scanner  (MicroCAT  II,  Siemens  Preclinical  Solutions, 
Knoxsville,  TN),  and  imaged  over  7  min  using  70  kYp,  500  ms  exposures  and  360° 
rotation  to  create  images  with  200-micron  voxel  size.  Fused  PET-CT  images  were 
created  using  previously  described  methods39. 

PET/CT  analysis.  PET  and  the  CT  datasets  were  analyzed  using  AMIDE  software40. 
All  PET  data  sets  were  converted  to  percent  ID/gram  (%ID/g)  based  on  a  phantom 
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calibration  constant,  total  injected  dose,  decay  rate  for  F,  and  assuming  lg/ml  tissue 
density.  Regions  of  interest  (ROI)  were  drawn  over  the  site  of  injection,  as  well  as  on 
ipsilateral  and  contralateral  axilla.  The  average  of  the  maximum  pixel  values  from 
representative  regions  was  utilized  to  calculate  the  %ID/g. 

Immunohistochemistry.  Tissues  were  fixed  in  3%  PFA  and  paraffin  embedded. 
Sections  (5  pm)  were  stained  with  the  prostate  epithelial  marker  (mouse  a-human 
cytokeratin,  Biogenex,  San  Ramon,  CA)  or  Lyve-1  antibody  (RELIATech, 
Braunschweig,  Germany)  as  previously  described26.  HRP-conjugated  secondary 
antibody  to  a-cytokeratin  were  detected  using  DAB  substrate  (Liquid  DAB  Substrate 
Pack,  Biogenex).  Macrophage  staining  was  performed  using  rat  a-mouse  F4/80  antibody 
(Serotec,  Raleigh,  NC.).  RFP  (red  fluorescent  protein)  was  detected  from  paraffin 
embedded  sections  using  rabbit  a-RFP  antibody  (Rockland  Immunochemicals,  Inc., 
Gilbertsville,  PA).  Secondary  detection  of  F4/80  and  RFP  were  performed  with  using 
biotinylated  a-mouse  and  a-rabbit  IgG  antibodies,  respectively  (Vector  Laboratories, 
Burlingame,  CA). 

Rabbit  anti-HSVtk  antibody  was  a  kind  gift  of  the  Dr.  Margaret  Black.  The 
3%PFA  fixed,  paraffin  embedded  tissues  sections  were  incubated  with  1:15,000  dilution 
of  concentrated  antibody  overnight  at  4°C.  Multilink  antibody  (1:20,  Biogenex)  was  used 
for  secondary  detection. 
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Statistical  Analysis.  All  error  bars  in  graphical  data  represent  standard  error  of  the  mean 


(SEM).  Student’s  two-tailed  t-test  was  utilized  for  determination  of  statistical  relevance 
between  groups  and  P<0.05  was  considered  significant. 
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Figure  Legends 

Figure  1.  Adenovirus  as  a  lymphotropic  particle,  a)  After  injection  of  fluorescent- 
labeled  AF555/AdTSTA-fl  (lxlO7  pfu,  lOpl)  in  the  paw,  red  fluorophore  (virus 
conjugates,  white  arrows)  and  lymphocyte  nuclei  (DAPI,  blue)  are  seen  in  thin  sections 
of  the  brachial  node  at  100X  amplification,  b)  To  detect  viral  copy  numbers  in  lymph 
nodes,  real  time  PCR  was  performed  on  DNA  extracted  from  axillary  and  brachial  lymph 
nodes  24  hours  after  forepaw  injection  of  lxlO8  pfu  of  AdTSTA-fl  vectors.  No  viral 
DNA  was  detected  in  contralateral  lymph  nodes  within  39  cycles  of  PCR.  c)  AdTSTA-fl 
was  recovered  from  lymph  nodes  and  used  to  infect  LNCaP  cells  in  vitro.  Luciferase 
activity  was  measured  4  days  after  infection  and  resulting  luminescence  was  normalized 
to  total  protein  concentration,  (units,  RLU/s/pg  protein),  d)  Gross  anatomical  detail  of 
Pten(-/-)  mouse  prostate  lobes  (white  arrows)  shows  enlargement  compared  to  wild  type 
littermate.  e)  Lyve-1  staining  of  lymphatics  reveals  vessels  with  enlarged  lumens  in  Pten 
(-/-)  mice  compared  to  wild  type,  f)  Anatomy  of  the  region  around  the  prostate  shows  the 
close  proximity  of  the  periaortic  lumbar  nodes  (white  asterisk,  right-PAL;  black  asterisk, 
left-PAR).  Each  black  box  highlights  the  enlarged  region  in  the  subsequent  photograph, 
g)  Real  time  PCR  detected  viral  DNA  within  regional  lymph  nodes  one-hour  after 

O 

injection  of  1x10  pfu  of  AdTSTA-fl  into  each  prostatic  lobe  (Mes,  mesenteric;  RLR, 
renal  node  right;  RLL,  renal  node  left)  Error  bars  (b,c)  are  ±SEM,  n=4  mice;  (c) 
*Brachial,  p=0.014  and  *  Axillary  p=0.032  compared  to  Ctrl. 

Figure  2.  Monitoring  LN  metastasis  in  a  prostate  cancer  xenograft  model.  LAPC- 
9/VEGF-C/GFP/RL  tumor  was  grafted  in  right  upper  back,  a)  The  kinetics  of  tumor 
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growth  can  be  monitored  by  bioluminescence  imaging  of  renilla  luciferase  (RL) 
expressing  tumor  cells  (scale  bar  represents  photons/second/cm2/steridian,  (p/s/cm2/s/sr); 
wk,  week;  dPR,  days  post  resection),  b)  Bioluminescence  (RL)  in  the  exposed  ipsilateral 
axillary  lymph  node  of  an  animal  with  a  tumor  at  week  4  (pre-resection),  c)  The 
corresponding  subcapsular  microscopic  lesion  is  visualized  by  staining  with  hematoxylin 
&  eosin  (H&E,  left)  and  with  an  antibody  against  human  cytokeratin  (brown,  right).  At 
30  days  post  resection  (d),  metastasis  becomes  extensive  and  can  be  detected  by  PET/CT 
imaging  using  FLT  (scale  bar  represents  percent  injected  dose  per  gram,  %ID/g).  (e) 
Photograph  (left)  of  this  mouse  with  exposed  right  axillary  node  (white  arrow),  accessory 
axillary  (red  asterisk),  and  tumor  regrowth  (white  asterisk,  remaining  associated  with  the 
skin).  H&E  staining  (e,  right)  reveals  extensive  infiltration  of  tumor  cells,  filling  the 
entire  axillary  lymph  node.  Inset  of  20X  magnification  (upper  left)  represents  the  region 
depicted  in  the  small  box  (right). 

Figure  3.  TSTA  adenoviral-mediated  detection  of  macroscopic  lesions  in  lymph 
nodes  by  optical  and  PET  imaging,  a)  A  schematic  representation  of  the  TSTA 
adenoviral  vectors  used  to  detect  nodal  metastases.  The  binary  prostate-specific  TSTA 
expression  cassette  is  inserted  into  the  El  region  of  the  viral  genome.  The  imaging 
reporter  gene  expressed  is  either  firefly  luciferase  (fl)  or  an  enhanced  variant  of  herpes 
simplex  virus  thymidine  kinase  gene  (sr39tk).  b)  Either  non-tumor  bearing  (naive) 
animal  or  mice  at  10  days  post  LAPC-9/VEGF-C/GFP  tumor  resection  (tumor-bearing) 
were  injected  with  AdTSTA-fl  (lxlO7  pfu)  in  the  ipsilateral  paw.  Optical  signals  are  seen 
in  the  axilla  region  of  tumor-bearing  mice  but  not  in  naive  animals  at  4  days  after  viral 
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injection,  c)  AdTSTAsr39tk  (1x10  pfu/paw)  was  injected  in  both  forepaws  of  mice  at  30 
days  post  tumor  resection.  Representative  coronal  sections  through  the  axilla  region  of  a 
mouse  are  shown.  Specific  PET  signal  is  detected  in  the  ipsilateral  (designated  by  *),  but 
not  the  contralateral,  axilla  (scale  bar  in  PET  represents  %ID/g).  d)  Dissected  brachial 
lymph  nodes  from  the  same  animal  reveals  gross  enlargement  (top)  and  fluorescent  signal 
(bottom)  due  to  the  presence  of  GFP  expressing  tumor  cells  in  the  ipsilateral,  but  not  the 
contralateral,  lymph  node,  e)  H  &  E  staining  confirmed  the  presence  of  a  large  tumor 
mass  (*)  within  in  the  ipsilateral  brachial  node  (top,  left).  No  metastasis  could  be 
detected  in  the  contralateral  lymph  node  (top,  right).  Staining  sections  with  HSV-tk 
antibody  revealed  strong  positivity  within  the  tumor  cells  of  the  ipsilateral  lymph  node 
(bottom,  left)  while  contralateral  control  was  negative  (bottom,  right).  Black  scale  bar 
represents  20pm.  Optical  scale  bars,  p/s/cm  /sr. 

Figure  4.  Detection  of  occult  lymph  node  metastasis  with  bioluminescence  and  PET 
imaging.  a,b)  Early  stage  nodal  metastasis  was  detected  in  mice  bearing  LAPC- 
9/VEGF-C/GFP  tumors  (s.c.)  at  3  days  following  injection  of  1x10s  pfu  AdTSTA-fl  in 
each  forepaws,  a)  Representative  image  of  a  mouse  displaying  elevated  optical  signal 
was  observed  only  in  ipsilateral  axilla,  b)  Quantification  of  firefly  luciferase  signal 
intensity  in  mice  (n=6/group)  bearing  LAPC9/VEGFC/GFP  tumors  at  ~1.0-cm  diameter 
and  injected  with  either  lxlO7  or  1x10s  pfu  of  AdTSTA-fl  in  both  forepaws.  P-values  are 
listed  above  bars  for  appropriate  comparisons  between  groups,  c)  Representative  PET 
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images  of  a  mouse  that  received  tumor-directed  injection  of  AdTSTAsr39tk  (5x10  pfu  in 
total).  Sagittal  and  transverse  PET/CT  images  (left)  show  distinctly  positive  PET  signal 
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emitted  from  the  tumor  injection  site  (IS)  and  the  draining  axillary  sentinel  lymph  node 
(Ax).  To  the  right  of  each  PET/CT  image  is  the  consecutive  0.4mm  tomographic  frames 
showing  the  PET  signals  through  the  region  of  interest  in  the  right  axilla;  sagittal  frames 
(A-F),  transverse  frames  (G-L).  d)  Ex  vivo  optical  (RL,  p/s/cm2/sr)  and  radioactive 
(CPM/g)  signal  in  extracted  ipsilateral  (ipsi/ax)  and  contralateral  (contra/ax)  axillary 
lymph  nodes  from  the  mouse  depicted  in  (c)  reveals  that  the  presence  of  tumor  cells 
(Renilla  activity)  correlates  with  enhanced  uptake  of  18F-HBG.  e)  Comparative  18F-HBG 
uptake  values  (%ID/g)  for  ipsilateral  and  contralateral  axilla  in  all  three  mice  (Ml,  M2, 
M3)  examined.  Above  each  bar  is  the  respective  fold  difference  relative  to  contralateral 
lymph  nodes,  f)  Ex  vivo  optical  signal  (RL)  value  for  each  axillary  lymph  node  from  the 
same  mice  in  (e)  (M1-M3).  Optical  values/scale  bar  are  p/s/cm  /sr,  PET  values/scale  bar 
is  percent- injected  dose  per  gram  (%ID/g). 

Figure  5.  Detection  of  occult  LN  metastasis  in  orthotopic  xenograft  model,  a) 

Immunohistochemistry  of  LAPC-9/VEGF-C/RL  orthotopic  tumor  displays  extensive 
lymphatic  networks  (red)  along  the  margin  (dotted  white  line)  of  the  tumor  (tu.) 
extending  intratumorally  from  the  normal  prostatic  region  (pros.),  b)  Representative 
optical  image  of  RL  expression  (b,  left)  at  3-wks  after  orthotopic  implantation  of  2.5xl05 
LAPC9/VEGFC/GFP/RL  tumor  cells  per  lobe  in  the  prostate  of  SCID/NK'  '  mice. 
Injection  of  lxl 08  pfu  AdTSTA-fl  in  both  hind  paws  of  mice  carrying  LAPC-9/VEGF- 
C/RL  orthotopic  tumors  led  to  observable  firefly  luciferase  signal  (b,  right)  in  inguinal 
(Ing;  left/IL,  right/IR)  and  periaortic  (PA)  regions  at  4  days  following  viral  injection,  c) 
Ex  vivo  firefly  luciferase  bioluminescence  activity  of  dissected  nodes  revealed  the  highest 
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optical  signal  in  the  isolated  periaortic  lymph  node,  d)  Histological  analysis  (H&E) 
revealed  the  presence  of  a  subcapsular  lesion  within  the  periaortic  lymph  node  at  10X 
magnification.  This  mass  was  verified  to  be  LAPC9  by  staining  with  anti-human 
cytokeratin  antibody  in  a  consecutive  section  (left,  10X). 

Supplementary  Figure  1.  Cell  specific  activity  of  AdTSTA.  a)  Comparison  of  TSTA 
and  CMY  mediated  firefly  luciferase  activity  (RLU/s/pg  protein)  in  prostate  (LNCaP)  vs. 
macrophage  cell  lines  (J774  and  RAW).  Macrophage  cell  lines  exhibit  weak  infectivity 
by  adenoviral  vectors  as  luciferase  expression  mediated  by  AdCMV-fl  was  3-4  logs 
lower  than  in  LNCaP  cells.  The  PSA  promoter-driven  activity  of  AdTSTA-fl  was  clearly 
induced  by  synthetic  androgen  R1881  in  LNCaP  cells  (+R1881  vs.  anti-androgen 
Casodex,  +Cas)  but  not  in  the  macrophage  cell  lines.  The  prostate-specific  activity  of 
AdTSTA-fl  directed  a  5-6  logs  higher  luciferase  expression  in  the  LNCaP  cells  than  in 
macrophages  in  the  presence  of  R1881.  b)  Immunohistochemistry  of  red  fluorescent 
protein  (red),  F4/80  (green)  and  dapi  (blue)  in  the  periphery  of  an  adenovirus  injected 
tumor.  LAPC-9  tumor  was  injected  with  lxlO8  infectious  units  of  AdTSTA-TF, 
expressing  the  triple  fusion  reporter  gene41.  This  multifunctional  reporter  protein  was 
created  by  fusing  renilla  luciferase,  red  fluorescence  protein  (RFP)  and  herpes  thymidine 
kinase  into  a  single  transcriptional  unit.  Immunohistological  staining  of  tumor  sections,  3 
days  after  viral  injection,  revealed  the  expression  of  RFP  is  present  dominantly  in  tumor 
cells  but  not  in  the  adjacent  F4/80+  macrophages,  c)  In  vivo  bioluminescence  at  3  days 
after  injection  of  lxlO8  pfu  AdCMV-fl  or  AdTSTA-fl  in  the  left  forepaw.  AdCMV-fl 
displays  high  nonspecific  bioluminescence  signal  at  the  site  of  injection  (paw)  and  in  the 
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liver,  presumably  due  to  redistribution  from  the  lymphatic  to  the  systemic  circulation.  In 
comparison  to  AdCMV-fl,  AdTSTA-fl  injection  results  in  relatively  low  signal  at  the 
injection  site  and  undetectable  liver  bioluminescence,  indicative  of  the  AdTSTA-fl  viral 
particles  superior  tissue  specificity. 

Supplementary  Figure  2.  Lymphatics  of  orthotopically  implanted  xenografts,  a) 

Small  punctuate  lymphatic  vessels  can  be  observed  throughout  the  prostatic  region 
associated  with  the  LAPC-9  tumor.  CWR22Rv-l  tumors,  which  express  relatively  high 
levels  of  VEGF-C,  tend  to  have  lymphatics  associated  with  the  margin  and  extending 
intratumorally.  b)  Regardless  of  YEGF-C  expression  level,  orthotopic  implants  have 
peritumoral  lymphatics  associated  with  the  stroma  around  the  normal  ductiles. 

Supplementary  Video  1.  Progression  of  18F-FLT  PET/CT  detectable  lymph  node 
metastasis  following  resection  of  primary  tumor,  CWR22Rv-l 

Supplementary  Video  2.  18F-FHBG  PET/CT  video  of  AdTSTA-sr39tk  mediated 
visualization  of  sentinel  lymph  node  metastasis. 
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